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ABSTRACT  
Komatiitic basalts are ultramafic rocks formed from volcanic liquids containing less than 
18 wt.% magnesium oxide that can be linked, spatially, geochemically and texturally to 
komatiites. Archean komatiites and komatiitic basalts are critical to models of early Earth’s 
mantle evolution. Major and trace elements in these rocks are poorly preserved due to early sub-
seafloor alteration with superimposed regional metamorphism: in particular the alkali, alkaline 
earths, and other elements with low valence numbers. Current analytical methods focus on 
analyzing whole rock, fresh olivines and melt inclusions to evaluate elemental concentrations 
and for petrogenetic studies. Although these methods establish elemental concentrations, REE, 
Sr, Na and Ba should be better represented by evaluating trace elements in fresh augites from 
komatiitic basalts, which contain moderate levels of trace element concentrations that olivines 
lack.  
In this study trace elements were analyzed within samples from two different formations 
(Mendon and Weltevreden) within the Barberton Greenstone Belt, South Africa. These samples 
contain fresh augites from komatiitic basalts and were analyzed using LA-ICP-MS.  
Results suggest that REE in augites from the freshest komatiitic basalts closely match the 
predicted values calculated from bulk rock analyses when distribution coefficients and Rayleigh 
fractionation are taken into account. Zr and Ti, exhibit anomalies within the augites that 
correspond to anomalies found in bulk rock data. This supports the contention that both the REE 
and HFSE remain a closed system within these rocks. However, Na, Sr and Ba were mobilized 
within the bulk rock during alteration. Values for Na are particularly difficult to establish from 
bulk rock data. Even when they are nearly constant within a suite of flows, their values are far 
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from those predicted from augite analyses. Sr has negative anomalies in these rocks, and this is 
confirmed to be a trait acquired from the magmas through augite analyses. 
These data confirm two important components of komatiite petrogenesis: 1) fractionation of 
a high pressure phase to modify the HFSE, and 2) assimilation of felsic material during crustal 
ascent. Important radiogenic systems, such as Rb-Sr, Nd-Sm, and Lu-Hf, should be evaluated 
using augite proxies from single mineral SIMS, LA-ICP_MS, or mineral separations. 
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1. INTRODUCTION 
The first third of Earth’s history (4.6 to 3.2 Ga) is arguably as important as the middle 
and recent thirds, yet little of the rock record exists for this interval of time.  Processes acting 
during early Earth effectively determined how this planet would organize tectonic systems which 
would later become responsible for the formation of continents and surface systems capable of 
the origin and early evolution of life. However, because of the dynamic nature of Earth and its 
ability to recycle materials, the geological record between 4.6 and 3.2 Ga, which contains 
information involving the origin and evolution of early Earth, is only available for study in a few 
rare locations on Earth.  
Komatiites and komatiitic basalts, rare ultramafic lavas formed by high degrees of partial 
melting and largely confined to Archean terranes, are thought to represent the most primitive 
form of mantle dynamics – deep-seated thermal plumes.  These unique rocks are found within 
the Barberton Greenstone Belt (BGB) of South Africa, which is arguably one of the oldest, best 
preserved and well documented sequences of Archean age rock on Earth (Lowe and Byerly, 
2007; Shirey and Richardson, 2011; Van Kranendonk, 2011; Furnes et al., 2013; Decker et al., 
2015). Caution when dealing with geochemical data from komatiites centers around the 
assumption that all komatiites and komatiitic basalts are altered to a degree (Arndt et al., 2008). 
Relatively fresh samples of these rocks that have experienced the least amount of alteration have 
been used to understand the chemistry and geodynamics of the Archean mantle (Arndt 1986b; 
Nisbet et al., 1987; Renner et al. 1994; Puchtel et al. 1996). However, conclusions based on these 
rocks are often questioned due to poor preservation of original igneous minerals.  
Recent studies of komatiites have examined in detail the chemistry of olivine, namely its 
ability to control elemental fractionation and its utility to understand elemental mobility during 
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alteration (Puchtel et al, 2013; Robin, et al 2013). However, previous studies which mainly 
examined whole rock data or olivine data linked to early Archean crust composition, record 
various degrees of later alteration that should be accounted for in order to understand element 
mobility within an ancient igneous system. 
Trace elements are elements that are not major constituents of phases in the system of 
interest.  These elements are used in petrogenetic studies to document different processes in a 
suite of rocks- source composition and degree of melting, crystalline phases and degree of 
fractional crystallization. High field strength elements (HFSE), such as Zr, Ti, and Hf, have 
small ionic radii compared to their charge, therefore their bonding to anions is strong. As a 
result, HFSE are usually immobile and resistant to metamorphism and alteration. Rare earth 
elements (REE) are a group of trace elements (atomic numbers, 57-71) that act as an extremely 
coherent group in terms of ionic radius, charge and mineral site coordination (Figure 1). This 
allows them to be useful in monitoring magmatic processes, because the major rock-forming 
minerals each have distinctive REE partitioning coefficients (Kd). Large ion lithophile elements 
(LILE), such as Ba, Na and Sr have large cations, are incompatible with mafic and ultramafic 
melts, and thus end up enriched during igneous fractionation and therefore enriched in the crust 
(McLennan & Taylor, 2012). They are fluid-mobile and susceptible to hydrothermal alteration.  
This study used the chemistry of augites, a common pyroxene mineral, in komatiitic 
basalts to further the understanding of element mobility and the utility of immobile elements in 
petrologic and geodynamic studies of the early Earth. Augites were chosen because they are the 
primary mineral within komatiitic basalts and they contain moderate levels of important 
petrogenetic trace element concentrations (REE, Na, Sr). Figure 2 depicts a generalized map of 
the study area (BGB), which is considered the type locality for komatiites and komatiitic basalts. 
 3 
 
Samples used in this study are from two chemically distinct units within the Onverwacht Group, 
the Mendon Formation, member M4v (3290 Ma), composed of an Al-depleted flow, and the 
younger Weltevreden Formation, Pioneer Ultramafic Complex (3270 Ma), an Al-undepleted 
flow. These units represent the freshest komatiitic rocks found in the BGB.  
 
Figure 1- Graph showing how selected trace elements are grouped as a function of their ionic 
radius and ionic charge. The gray areas highlight two specific trace element groups, the large ion 
lithophile elements (LILE) and the high field strength elements (HFSE). A separate coherent group 
within the HFSE, called the rare earth elements (REE) all have the same charge (3+) but have 
slightly different ionic radii. REE with larger ionic radii are called heavy rare earth elements 
(HREE) and larger ionic radii are called light rare earth elements (LREE).  
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The aim of this study was to compare predicted mineral values to observed values in the 
minerals, in order to better evaluate mobile and immobile trace elements and to examine how 
alteration has affected the rocks.  The hypothesis of this study is that the augites within these 
flows are a more accurate representation of the original liquid than the slightly altered rocks. 
 
 
Figure 2- Generalized geological map of the Barberton Greenstone Belt (BGB), South Africa, 
noting the three main lithostratigraphic Units: Onverwacht, Fig Tree and Moodies Groups. The 
Inyoka Fault separates the northern and southern domains of the Onverwacht Group, with the 
Weltevreden Formation as the oldest formation exposed in the northern domain (modified from 
Lowe and Byerly, 1999).  
(Å
) 
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2. ARCHEAN GREENSTONE BELTS 
 Greenstone belts are geologic regions of metamorphosed mafic to ultramafic volcanic 
sequences, often associated with sedimentary rocks, and usually of Archean or Proterozoic age 
(de Wit & Ashwal, 1997). They are dominated by volcanic rocks, namely layered intrusions or 
volcanic komatiites, with sedimentary rocks throughout the volcanic formations. They can vary 
in size from 1000’s to 100,000 square km (de Wit and Ashwal, 1997).  
Many tectonic settings have been proposed for greenstone belts: volcanic plateaus 
produced by mantle plumes, ancient oceanic spreading centers, and island arc terranes, as well as 
settings unique to the Archean where vertical tectonics may have played a key role (de Wit and 
Ashwal, 1997). Early Archean greenstone belts are primarily confined to South Africa and 
Western Australia. The Barberton Greenstone Belt, located within the Kaapvaal craton, South 
Africa, is one of the best preserved and easily accessible greenstone belts and has been the 
subject of numerous studies (Lowe and Byerly, 2007).  
2.1 KOMATIITES 
Komatiites are ultramafic volcanic rocks that formed from liquids greater than 18 wt.% 
magnesium oxide (MgO). Rocks derived from liquids of less than 18 wt.% MgO that can be 
linked spatially, petrographically, texturally and geochemically to komatiites are termed 
komatiitic basalts (Arndt and Nisbet, 1982). Komatiitic rocks have been interpreted to be the 
result of anhydrous partial melting within deep mantle plumes (Campbell et al., 1989; Byerly, 
1999; Arndt et al., 1997; Hanski et al., 2001; Arndt, 2003) or interpreted as hydrous partial 
melting in subduction-related settings (de Wit, 1998; Grove and Parman, 2004; Parman et al., 
2004; de Wit et al., 2011; Furnes et al., 2011;). Recent work on komatiitic geochemistry 
indicates that these lavas were formed by high degrees of partial melting of deep mantle, and 
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erupted as high temperature, low viscosity lavas (Robin et al., 2012). High temperatures and high 
degrees of partial melting make these komatiitic rocks important proxies for Archean mantle 
geochemistry. Having erupted almost exclusively during the Archean and making up a large 
constituent of the crust, komatiites can provide important constraints (pressure, temperature, 
composition) of early Earth (Sylvester et al., 1997). 
The simple definition for a komatiite is an ultramafic rock formed from volcanic liquid 
with greater than 18 wt.% MgO (Le Bas, 2000). However, proving that komatiites crystallize 
from liquids that contain more than about 18 wt.% MgO is difficult. This is due to the existence 
of other MgO-rich volcanic rocks that either formed through the accumulation of olivine from 
less magnesian liquids, or crystallized from magmas with geochemical characteristics unlike 
those of most komatiites (Arndt and Lesher 1992). To avoid this complication of distinguishing 
komatiites from other types of highly magnesian volcanic rocks, the definition was written to 
include ‘spinifex texture’ (Arndt and Nisbet 1982; Le Bas, 2000; Kerr et al., 2001). This is a 
texture characterized by the presence of large skeletal or dendritic crystals of olivine or pyroxene 
and is indicative of rapid cooling with high temperature gradients (Faure et al., 2006). This 
texture is present in many, but not all komatiite flows. Olivine is the first mineral to crystallize in 
komatiites and the primary mineral crystallizing during flow emplacement, and as such, is the 
major control on geochemical variation within komatiites with common origins at depth. 
Because of this, it can constrain the initial flow conditions.  
Komatiitic basalts, a rock that is genetically related to a komatiite with an MgO content 
less than 18 wt.%, are usually characterized by a primary mineral phase of pyroxene exhibiting 
spinifex texture (Viljoen, M. J. and Viljoen, R.P., 1969). Minor enstatite, pigeonite, and chromite 
occur as microphenocrysts, and plagioclase may occur in the groundmass. Komatiitic lava flows 
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from Barberton are thought to be among the hottest known flows in Earth’s history with eruption 
temperatures inferred to be as high as 1650ºC (Kareem and Byerly, 2003). Komatiitic basalts 
have liquidus temperatures at a more modest 1200-1300°C (Stiegler, et al., 2012). 
2.1.1 Compositions 
Because komatiitic liquids are derived from deep-seated plumes, different mineral 
residues that are a function of pressure, produce suites of komatiites with very different 
elemental ratios. The melting of deep mantle material in plumes is used to explain fractionation 
patters of aluminum versus titanium in komatiites (Campbell et al., 1989; Ohtani et al., 1989; 
Nisbet et al., 1993). Estimated depths of melting controlling this process results in the division of 
komatiites into three separate geochemical groups: Al-undepleted, Al-depleted, and Al-enriched (Ohtani 
et al., 1989). Melting of the primitive mantle results in a liquidus phase of majoritic garnet residue for 
chondritic, peridotitic, and komatiitic compositions between depths of 450-650 km (Herzberg and 
Gasparik, 1991; Herzberg, 1992). The majoritic garnet residue is enriched in Al2O3 and in heavy rare 
earth elements (HREE), and is poor in TiO2. Therefore, primary melts from the mantle formed at depths 
between 450 – 650 km result in Al-depleted, HREE depleted and Ti-enriched komatiitic magma, due to 
melting with residual majorite garnet. Continued melting of garnet-enriched residue results in an Al-
enriched, HREE enriched and Ti-depleted komatiitic magma. Depths less than 450 km allows olivine to 
become the liquidus phase for komatiitic liquids originating from the primitive mantle. Therefore, melts 
dependent on olivine produce Al-undepleted komatiites with normal primitive mantle Al2O3/TiO2, and 
flat HREE patterns. 
These three types of komatiites are described by comparing or normalizing major and 
trace element ratios to chondritic (CI) or primitive mantle (PM) compositions, the latter being 
modeled from chondrites by removal of metal core and some volatiles (Palme and O’Neill, 2003) 
Al-undepleted komatiites yield PM ratios of Al2O3/TiO2 (~25), PM normalized HREE ratios of 
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approximately 1. (Gd/Yb)N (gadolinium/ytterbium normalized to PM) are commonly used to 
examine this behavior. This group of komatiites is referred to as Munro-type komatiites, based 
on the type locality where they are best preserved (Inoue, 2000). Al-depleted komatiites have 
Al2O3/TiO2 ratios near 10, PM normalized HREE ratios less than 1, and high (Gd/Yb)N values 
(Arndt, 1994). Al-depleted komatiites are often called Barberton-type komatiites, because they 
were first described in the Barberton greenstone belt (Inoue, 2000). The third geochemical 
variety of komatiites, the Al-enriched komatiites, have Al2O3/TiO2 ratios greater than 30 (Byerly, 
1999), PM normalized HREE greater than 1, and low (Gd/Yb)N values (Arndt, 1994). The BGB 
contains all three of these geochemical groups. 
2.1.2 Alteration 
Although it is assumed that all komatiites and komatiitic basalts have experienced 
alteration, the scale of relative alteration ranges from minor to extreme. Hanor and Duchač 
(1990) examined the effects of extreme alteration within the upper portion of the Onverwacht 
Group BGB, specifically investigating the local mass exchange after metasomatism and 
greenschist facies metamorphism. Extreme cases of alteration are typified by silicified and 
carbonated rocks that preserve original igneous textures, but show highly changed compositions. 
These episodes have resulted in the mobilization of elements. Metasomatism was found to be an 
isovolumetric process which permitted the evaluation of elemental loss and gain. The study 
found a relationship between MgO removed and SiO2 added in altered komatiites. Elemental 
enrichment in K, Ba and Rb was found, while elements Fe, Ca and Sr were observed to be 
removed from the system (e.g. Duchač and Hanor, 1987). Although the Duchač - Hanor suite of 
REE was limited they were shown to be immobile, especially the HREE (Duchač and Hanor, 
1987; Hanor and Duchač, 1990). Slightly altered samples also exist within the BGB. Recent 
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studies have analyzed major and trace element data from bulk rock samples used in this study 
(Lahaye et al., 1995; Stiegler et al., 2012; Puchtel et al., 2013). Mineralogical and geochemical 
data from these studies reveal samples to be fresh containing fresh olivine and augites, and 
unaltered melt inclusions. This study aims to take the freshest augite minerals from a group of 
rocks that have experienced the least amount of alteration in order to get the best signature 
reflecting liquid magma compositions. 
In order to overcome the inevitable changes that occur to a volcanic liquid over a long 
period of time, research has developed several methods that attempt to deduce the liquid 
composition from a rock. Each method has its limitation, which is a driving force for continued 
method development. The first is to use the freshest rocks from within a group and analyze the 
bulk rock composition (Kareem and Byerly, 2003; Stiegler et al, 2012; Puchtel et al., 2013).  
This permits examination of mineral control lines to confirm simple igneous variation. The 
second method is to analyze the freshest olivines within the rocks. There have been a number of 
studies on the BGB that have used this method (Arndt and Lesher, 1992), however, this method 
is not as useful for elements such as the REE, Sr and Na, which occur at extremely low levels in 
olivine. The third method uses the mineral augite, which has moderate levels of trace elements, 
in order to fill in the gaps of information that olivine cannot address. A fourth method is to use 
melt inclusions (Kareem and Byerly, 2003; Thompson et al., 2003). By analyzing these melt 
inclusions they provide direct access to the liquid composition, however, they are not very 
common and are highly susceptible to alteration and devitrification. A final method is to look for 
chondritic (CI) or primitive mantle (PM) ratios among elements with similar behavior. 
Chondrites are meteorites formed from material that was present in the early solar system that 
had not undergone modification due to partial melting or fractionation. They are significant in 
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that because they were not modified due to melting, they retain primitive compositions in the 
sense that they are thought to represent the entire solar system. PM is modeled from chondrites 
by removal of metal core and some volatiles. (Wood, 1988). Minerals within these rocks are 
thought to have the potential to reflect original composition at the time of crystallization, given 
that the mineral was being crystallized during equilibrium.  
Augite is the main mineral phase within komatiitic basalts of two formations of interest in 
this study. It is a common pyroxene mineral in the single chain inosilicate group with a general 
chemical formula of (M2M1SiO2O6). In the M1 site, Fe and Mg are the primary elements while 
the M2 site mostly contains Ca. Al can substitute in the M1 and for Si in the tetrahedral site. Na, 
Fe or Mg substitute for Ca in the M2 site. Trace elements with similar charges and sizes are able 
to substitute for major elements, this is how they are able to enter a system. Because of the 
chemical structure of an augite, namely its large M2 octahedral site and the ability to accept Al 
into the tetrahedral site, it has a strong control on trace element fractionation during melting and 
crystallizing.   
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3. STUDY AREA 
3.1 BARBERTON GREENSTONE BELT 
The Barberton Greenstone Belt (BGB) is the largest of five major greenstone belts in the 
Kaapvaal Craton in eastern South Africa. It is considered one of the best preserved remaining 
areas of Archean crust on Earth and is the type locality for many Archean rocks (Armstrong et 
al., 1990; Kamo and Davis, 1994). Harboring some of the oldest most well preserved materials 
originating from the Earth’s mantle, it provides a window into Archean mantle composition and 
early Archean tectonics (Viljoen, and Viljoen, 1969; Nesbitt, et al., 1979; Smith and Erlank, 
1982; Smith et al., 1984; Duchač and Hanor, 1987; Hanor and Duchač, 1990).  
The BGB is approximately 3000 km2 in size and is characterized as a volcanic to 
sedimentary succession that were emplaced and deposited between 3550 and 3220 Ma and are 
surrounded by intrusive granitic rocks (Lowe, 1999; Lowe and Byerly, 1999, 2007).Within the 
volcanic-sedimentary succession, the lower section is dominated by ultramafic and mafic flows, 
while the upper section is dominated by dacitic volcanic rocks and sediments related to the uplift 
of the BGB and surrounding plutons. Its evolution involves multiple episodes of magmatism, 
deformation, metamorphism and alteration. Rocks within the central areas of the BGB have been 
altered to greenschist facies (Xie et al., 1997) but reach amphibolite facies around contacts with 
the tonalite plutons (Puchtel et al. 2013).  
3.2 ONVERWACHT GROUP 
Collectively, the BGB has been organized into the Swaziland Supergroup which is 
subdivided into three lithostratigraphic units roughly 15 km thick: the basal mafic-volcanic-
dominated Onverwacht Group (3550 - 3266 Ma), dacitic volcanic dominated and sedimentary 
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Fig Tree Group (3260 - 3225 Ma) and sedimentary Moodies Group (3220 Ma) (Lowe, 1999; 
Lowe and Byerly 1999, 2007) (Figure 2).  
The Onverwacht Group, is comprised of seven formations which from base to top 
include, the Sandspruit, Theespruit, Komati, Hooggenoeg, Kromberg, Mendon and Weltevreden 
(Lowe and Byerly, 1999). However, a regional structural boundary, the Inyoka Fault, divides the 
Onverwacht Group into separate northern and southern domains resulting in distinct, but related, 
stratigraphy (Figure 3). In the southern domain, the Onverwacht Group is capped by the 3298±3 
Ma Mendon Formation (Byerly et al., 1996; 1999; Decker et al., 2015). In the northern domain, 
the top of the Onverwacht Group is represented by the 3266±8 Ma (Connolly et al., 2011) 
Weltevreden Formation which is thought to be age-correlative with the upper Mendon Formation 
(Lahaye et al., 1995; Lowe and Byerly, 1999; Lowe and Byerly, 2007). The top of the 
Onverwacht Group marks the end of komatiitic volcanism within the BGB. The transition into 
the 3260-3325 Ma Fig Tree Group (Kröner et al, 1991) marks an important tectonic change from 
mafic-ultramafic plume related volcanism to dacitic volcanism and structural shortening which is 
attributed to subduction (Lowe, 1999; Lowe and Byerly, 2007).  
Hand specimens for this study were collected during previous field studies by Marc 
Cooper from the uppermost two formations within the Onverwacht Group, the Weltevreden and 
Mendon Formations (Figure 4). These two units were selected for trace element geochemical 
analyses because they provide a good representation of komatiitic basalts in the BGB and contain 
fresh augite. Although both the Mendon and Weltevreden Formations are the results of 
komatiitic volcanism, they exhibit stark differences in their overall stratigraphy, thickness and 
modes of alteration. The Mendon Formation is characterized by several distinct marker beds that 
allow for correlation across structural blocks, and the formal recognition of members with known 
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ages and internal stratigraphy. Samples from this study come from member M4v. This 
stratigraphic nomenclature is used by Lowe and Byerly (1999) and marks regionally traceable 
cycles of komatiitic volcanism (M1, M2, M3 etc., and the included volcanic units M1v, M2v, 
M3v etc.) (Figure 3). Stratigraphy in the Weltevreden Formation is poorly constrained due to its 
complex structure and lack of distinctive layers to provide chronostratigraphic control (Lowe and 
Byerly, 2007).  
3.3 MENDON FORMATION 
The Mendon Formation is a sequence of interbedded komatiitic lavas and cherty 
metasedimentary rocks (Byerly 1999; Lowe and Byerly, 1999). Six major volcanic episodes are 
recognized within the formation, with subdivisions assigned to cherty or volcanic dominated 
layers (Lowe and Byerly, 2007; Lowe, Byerly, and Heubeck, 2012). Each member, which 
denotes a traceable cycle of komatiitic volcanism, has a distinctive komatiitic composition: M1v 
is highly alumina enriched, M2v and M4v are like many Barberton komatiites of the alumina-
depleted variety. Komatiitic basalts of M4v are one of the subjects of this study. Two recent 
studies have refined the chemistry and geochronology, especially those ash layers in the 
formation (Thompson-Stiegler, et al., 2011; Decker, et al., 2015). U/Pb dating of zircons from 
thin ash layers within the Mendon Formation yield a mean age of 3300 Ma, a similar thin ash at 
the top of the Kromberg Formation yields an age of 3330 Ma which would be the maximum age 
of the oldest members of the Mendon, and several ash layers in the basal Fig Tree Group yield 
ages of 3260 Ma for a minimum age for the youngest members of the Mendon Formation 
(Byerly et al., 1996).  
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Figure 3- Generalized stratigraphic column of the Onverwacht and Fig Tree Groups. Separating 
the Northern and Southern Barberton Greenstone Belt (BGB) is the Inyoka Fault. The location of 
samples included in this study are indicated by sample numbers (modified from Decker et al., 
2015). 
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Figure 4- (A) Geological Map of the western portion of the Barberton Greenstone Belt (BGB). (B) 
Geological map of sample location with the Mendon Formation. (C) Geological map of the central 
Weltevreden Formation, including the Pioneer Ultramafic Complex and sample site location – 
GPS coordinates for the top of the sequence in the Weltevreden, S29°50.219’, E30°56.974’, and 
top of the sequence for the Mendon Formation sample site, S25°53.475’, E31°01.655’ (Modified 
from Lowe and Byerly 1999). 
 
3.4 WELTEVREDEN FORMATION 
The Weltevreden Formation includes the oldest rocks exposed in the northern domain of 
the BGB. Using Re-Os geochronometry, komatiitic lavas from the Weltevreden Formation have 
been assigned an age of 3268 Ma (Connolly et al., 2011). This age is consistent with the 
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minimum age of the overlying Fig Tree Group, 3260 Ma (Kroner et al., 1991; Byerly et al., 
1996), and the age range of the Mendon Formation 3330 to 3270 Ma (Byerly et al., 1996; Decker 
et al., 2015).  
The Weltevreden Formation accumulated as thick sequences of komatiitic volcanic flows 
and tuffs (Lowe and Byerly, 1999). It has yet to reveal any internal stratigraphy, though it has 
been mapped in detail in several places. The Pioneer Ultramafic Complex is comprised of well-
preserved, partially serpentinized komatiitic rock (Stiegler et al., 2012). These rocks contain 
fresh igneous minerals such as olivine, chromite, orthopyroxene and clinopyroxene, and belongs 
to the Al-undepleted geochemical group of komatiites (Lahaye et al., 1995).   
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4. METHODS 
4.1 PETROGRAPHIC MAPPING AND SEM IMAGES 
The purpose for imaging the samples using a scanning electron microscope (SEM) and 
petrographic microscope was to map out potential ablation spots (50 µm craters formed from 
laser ablating the surface of the mineral) within the freshest augites. Criteria for determining 
fresh augite minerals included petrographic and back-scattered imaging as well as later 
assessment of geochemical signatures. Using these two methods provided a visual, first-order 
assessment in determining areas that were void of both surface damage and mineral inclusions. 
These ‘clean’ spots were marked on the thin sections and saved for future ablation. Petrographic 
mapping was done using a standard Olympus microscope. Both cross-polarized and plain-
polarized images were taken to examine for homogeneous interference colors and absence of 
inclusions respectively. SEM and BSE images were collected using a JSM-6610LV SEM to 
further confirm clean zones and to demonstrate unique compositional zoning and distinguish 
rims and cores within the augite minerals.  
4.2 LA-ICP-MS 
 
Trace element geochemical analysis of augites from the Mendon Formation and 
Weltevreden Formation were performed by laser ablation inductively coupled mass spectrometry 
(LA-ICP-MS) using a Thermo iCap Qc ICP-MS connected to a Cetac G2-213 laser system. 
Parameters from a previous study by Kil et al., 2011, analyzing in-situ trace elements of 
clinopyroxenes on thin sections were used as a basis for developing parameters within this study. 
Original parameters and modified parameters for both the ICP-MS and the laser are listed in 
Table 1. 
 18 
 
Three reference material were used for LA-ICP-MS analyses; The National Institute of 
Standards and Technology (NIST 612), United States Geological Survey (USGS) Basalt, 
Columbia River (BCR-2) and USGS Icelandic Basalt (BIR-1), all of which can be found in 
Appendix A, Table 5. NIST 612 was used as the external standard, due to this reference material 
having been certified. An internal standard of 42Ca, measured from previous electron microprobe 
analysis (Byerly, 1999) was used for the same pyroxenes. BIR-1 and BCR-2 were used to 
monitor analytical quality and were ran as known unknowns. A list of the standards and 
calculated statistics for the precision and accuracy of each analysis are shown in Appendix A 
Table 5. Elements of interest included: HSFE, zirconium, hafnium and titanium; REE, lanthanum 
through lutetium; and LILE, barium, strontium, and sodium. 
Table 1 - LA-ICP-MS parameters from a previous study (Kil et al., 2011) used as a basis for and 
compared to parameters for current study. Parameters include laser, and ICP-MS parameters. 
 
Laser source      
Kil et al., 
2011   Morabito 
   Wavelength  213 nm  213 nm 
   Repetition rate  5-10 Hz  10 Hz 
   Helium gas flow  
0.80 
1/min  
 0.80 
1/min 
   Laser warm-up time  5 s   10 s 
   Wash-out time  30 s   30 s 
ICP-MS             
Plasma condition       
   RF power  1200 W  1500 W  
   Auxiliary gas flow  
0.88 
1/min  0.8 1/min 
   Nebulizer gas flow  
0.97 
1/min  0.85 1/min 
Data collection       
   Scanning mode  Peak hop  Peak hop 
   Dwell time  20 ms  10 ms 
   Sweeps  80  70 
   Spot size  30-50 µm  50 µm 
    Pre ablation    10 s   10 s 
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Data from the LA-ICP-MS were reduced using the data reduction program, Iolite (The 
Iolite Project, 2013), with its host environment, a scientific data processing and graphing 
application, Igor Pro (Wavemetrics, 2014). Iolite application is a data visualization and 
processing tool that permits the processing of most laser ablation data sets allowing for large 
analyses to be viewed in a short amount of time. This is achieved by an internal data format that 
allows every imported time-resolved channel to be stored as an x, y series versus its own 
absolute data-time. All of the data reduction is governed by plug-in data reduction schemes 
(DRS), which can be created or edited by end users. A full introduction and application of the 
program can be found on the software’s website (http://iolite-software.com/). Calcium 42 was 
assigned as the index channel because the Ca 42 content in the augites is known and fairly 
consistent within each individual sample (Byerly, 1999). This index channel is applied to the 
DRS and results are given in parts per million (ppm).  
Table 2 shows selected samples of data from the LA-ICP-MS in parts per million (ppm). 
The column beneath each element shows the internal standard error associated with that ablation 
spot. Relative analytical errors within concentrations range from around 2% for elements Na, Ti 
and V; 5% for Sr and Y; 10% for Zr and about 20% for the REEs. These errors are considered 
reasonable and produce reliable elemental concentrations that are consistent with how relatively 
smooth REE plots are. This study attempted to analyze for Nb, Th, and U but values were below 
SE or too close to the limit of detection and therefore unreliable. 
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Table 2 – LA-ICP-MS trace element analyses of augites within komatiitic basalts. Each element 
is assigned a mass balance from the ICP-MS. Internal standard error is represented by, ±2SE.  
 
Flow   355-1 355-4 355-4 355-4 107-52 107-52 107-3 107-3 107-3 
Sample   2-7_5 2-1_4 3-1_1 3-2_4 2-4_2 3-2_1 1-1_4 1-2_2 3-2_1 
Ba   0.15 0.27 3.58 4.41 10.36 10.20 15.00 20.10 0.32 
Ba ±2SE  0.10 0.09 0.59 0.61 0.92 1.90 1.40 2.20 0.14 
La   0.11 0.14 0.28 0.26 0.76 0.13 1.62 0.57 0.14 
La ±2SE  0.03 0.02 0.07 0.05 0.06 0.03 0.12 0.10 0.03 
Ce   0.44 0.45 0.88 0.96 1.51 0.54 6.41 1.90 0.46 
Ce ±2SE  0.06 0.04 0.14 0.10 0.11 0.05 0.33 0.28 0.04 
Na   900 330 2990 2724 517 556 4640 7600 670 
±2SE  15 7 130 46 9 16 190 1100 11 
Sr   3.62 1.78 3.28 4.26 6.20 5.06 48.10 17.40 5.50 
±2SE  0.21 0.10 0.32 0.27 0.28 0.19 1.50 2.00 0.23 
Pr   0.11 0.04 0.20 0.20 0.15 0.10 1.22 0.41 0.07 
±2SE  0.03 0.01 0.04 0.04 0.03 0.02 0.13 0.08 0.02 
Nd  0.87 0.37 0.92 1.15 0.89 0.76 7.99 2.24 0.66 
±2SE  0.18 0.07 0.23 0.20 0.14 0.12 0.64 0.38 0.10 
Zr   3.03 0.48 18.37 31.90 8.46 3.34 64.10 15.13 1.53 
±2SE  0.27 0.06 0.80 1.00 0.38 0.23 2.40 0.99 0.15 
Hf   0.17 0.03 0.57 0.93 0.21 0.11 1.81 0.52 0.07 
±2SE  0.03 0.01 0.07 0.08 0.02 0.02 0.13 0.06 0.01 
Sm   0.50 0.13 0.37 0.46 0.43 0.40 3.21 0.91 0.32 
±2SE  0.08 0.03 0.09 0.08 0.06 0.05 0.26 0.15 0.06 
Eu   0.21 0.06 0.14 0.23 0.13 0.12 0.97 0.36 0.11 
±2SE  0.05 0.02 0.04 0.05 0.03 0.03 0.10 0.08 0.02 
Gd   0.71 0.15 0.32 0.50 0.47 0.47 3.34 1.28 0.41 
±2SE  0.14 0.05 0.12 0.13 0.10 0.10 0.42 0.31 0.09 
Ti   1441 270 138 132 704 497 6870 2370 681 
±2SE  32 7 7 7 19 12 480 390 13 
Tb   0.19 0.04 0.07 0.11 0.12 0.10 0.65 0.21 0.08 
±2SE  0.04 0.01 0.02 0.03 0.02 0.02 0.07 0.04 0.02 
Dy   1.35 0.38 0.61 0.89 0.77 0.78 4.17 1.44 0.53 
±2SE  0.17 0.06 0.15 0.17 0.11 0.10 0.36 0.25 0.09 
Ho   0.30 0.07 0.17 0.25 0.15 0.17 0.91 0.25 0.12 
±2SE  0.03 0.02 0.04 0.04 0.02 0.02 0.09 0.05 0.02 
Y   8.47 2.03 5.03 8.40 4.52 3.76 19.91 7.24 3.28 
±2SE  0.35 0.11 0.28 0.33 0.24 0.16 0.88 0.91 0.13 
Er   1.28 0.20 0.65 0.86 0.50 0.45 2.27 0.73 0.33 
±2SE  0.19 0.04 0.12 0.11 0.09 0.07 0.18 0.10 0.06 
Tm   0.14 0.04 0.13 0.19 0.08 0.06 0.32 0.11 0.05 
±2SE  0.03 0.01 0.03 0.03 0.02 0.01 0.04 0.03 0.01 
Yb   0.81 0.32 0.65 1.34 0.58 0.40 2.00 0.74 0.31 
±2SE  0.13 0.06 0.13 0.20 0.08 0.09 0.21 0.11 0.06 
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(Table 2 continued) 
Flow   355-1 355-4 355-4 355-4 107-52 107-52 107-3 107-3 107-3 
Sample   2-7_5 2-1_4 3-1_1 3-2_4 2-4_2 3-2_1 1-1_4 1-2_2 3-2_1 
Lu   0.11 0.04 0.14 0.21 0.08 0.05 0.26 0.14 0.04 
±2SE  0.02 0.01 0.03 0.03 0.02 0.01 0.04 0.03 0.01 
V   290 61 271 218 111 102 215 194 95 
±2SE  5.3 1.1 5.6 4.9 2.5 1.7 4.8 4.6 2.0 
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5. RESULTS 
5.1 PETROGRAPHY  
Samples from the Mendon Formation (107-52 and 107-3) exhibit randomly oriented 
augite crystals. Elongate euhedral crystals (400 µm - 800 µm long) are present with both parallel 
and perpendicular orientations with respect to the plane of the thin section (Figure 5a). 
Compositional zoning is not evident within petrographic images. Within the crystals there is little 
evidence to suggest any internal distinction or heterogeneity (Figure 5b).   
Samples from the Weltevreden Formation (355-1 and 355-4), include randomly oriented 
spinifex with varying degrees of elongation of the spinifex augites. Crystals in the thin section 
are up to 100 µm in minimum dimension and well over 1000 µm in length (Figure 6a). The 
presence of small euhedral augites reveal unique complex zoning that is not evident within 
samples from the Mendon Formation. The groundmass is plagioclase within the Weltevreden 
komatiitic basalts.  
Petrography shows evidence for differences in chemical composition found within the 
augite minerals. In the Weltevreden Formation samples, unique hourglass compositional zoning 
and differences within areas of the mineral are observed. Within euhedral minerals viewed 
perpendicular to the c-axis, a gray core can be distinguished from surrounding rims exhibiting 
interference colors in polarized light (Figure 6b). In crystals viewed parallel to the c-axis, the 
gray colored core is bound on either side by a rim (Figure 6c). These different zones were 
identified and analyzed within a given crystal (Figure 7). In cross-polarized light, there is a clear 
distinction between a homogeneous rim and a granular textured core.   
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5.2 BACK-SCATTERED ELECTRON DETECTOR (BSE) 
Backscattered electron imaging highlights areas of different chemical composition. It also 
helps evaluate the overall chemical homogeneity of a potential ablation spot. Because hourglass 
zoning was only observed within the Weltevreden Formation samples, BSE was performed on 
these samples exclusively to further demonstrate compositional zoning. Figure 8a further shows 
the unique compositional zoning that was apparent within a crystal. The lighter portions of the 
core signify a more Fe-rich (Mg-poor) content, while the darker portions are more Mg-rich. The 
pitted appearance within the core is a function of fine-grained inclusions and is a result of a 
heterogeneous composition. Surrounding the core, is a darker chemically homogeneous interior, 
which takes up a large portion of the middle and grades out towards the outermost portion of the 
rim. The outermost area of the crystal appears to be an overgrowth. However, another 
composition is apparent between the overgrowth and the homogeneous interior. This 
composition lines the outside of the crystal, acting as an outer rim, and in certain areas, retracts 
towards the center creating a sector zone. This geometry within the crystal results in the 
previously mentioned ‘unique hourglass zoning’. This is a typical evaluation for euhedral 
minerals within this sample with a similar orientation (Figure 8 a & c). Elongate minerals reflect 
a similar composition; a pitted lighter colored core, surrounded by a thick, clean, homogeneous 
middle that grades out to a lighter thin outer rim (Figure 8 b). The identification of clean mineral 
surfaces provided the basis for more accurate LA-ICP-MS readings.  Mineral surfaces that are 
void of physical and chemical contamination were targeted for ablation. 
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Figure 5- (A) Petrographic image in cross polarized light showing general overview of sample 
107-3 from the Mendon Formation. (B)Petrographic image in cross polarized light showing 
individual augite crystals in a fine grained plagioclase matrix. 
100 µm 
400 µm 
B 
A 
 25 
 
 
Figure 6– (A) Petrographic image of sample 355-1 from the Weltevreden Formation in cross-polarized light, showing euhedral augites 
with random orientations in respect to the plane. (B) Euhedral augite mineral in plain-polarized light indicating distinct compositions 
seen within the core and by the hourglass shape within the intertior of the crystal. (C) Augite crystal in cross-polarized light further 
demonstrating compositional differences between the gray core bounded by the rim. 
  
A 
B 
C 
1000 µm 200 µm 
 400 µm 
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Figure 7- Pyroxene crystal from the Weltevreden Formation, post LA-ICP-MS analysis. Dark holes represent ablation craters with a 
spot size of 50 µm. Ablation spot locations were selected to analyze the distinct areas within the crystal; the outer rim, and the core.  
 
 
 
OV1-4 
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Figure 8– (A) BSE image of a euhedral augite from the Weltevreden Formation (355-1).Compositional zoning is noted by arrows; 
core, sector zones, homogenous interior, outer rim and overgrowth. (B) BSE of a euhedral augite crystal shown with the c-axis parallel 
to the field of view containing compositional zoning. (C) BSE of a euhedral crystal in a fine-grained plagioclase matrix.
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5.3 GEOCHEMICAL DATA 
Previous studies have presented whole-rock major and trace-element analyses on samples 
from these study areas and can be found in Appendix B, Table 7 (Lahaye et al., 1995; Byerly, 
1999; Cooper, 2008 and Stiegler et al., 2012). These data will be discussed together with the 
mineral data obtained from this study. The previously acquired data were used as a basis to 
calculate predicted values in order to compare to observed mineral chemistry. Samples 
representing the cleanest and freshest augites were selected for analysis. Four thin sections that 
represent flows from each study area were selected for ablation. Samples 107-52 and 107-3 are 
taken from the same flow of the Mendon Formation. Samples 355-1 and 355-4 are from two 
closely associated flows within the Weltevreden Formation. Within each thin section 10 crystals 
were mapped out and 8-10 ablation spots were chosen per crystal. Different areas within zoned 
crystals were analyzed.  
Summarized trace element analyses of augites from LA-ICP-MS are reported in Tables 
3a-3d, with full results, including SE and LOD, given in Appendix C Tables 8-11. Trace 
elements are given in parts per million. Individual trends shown on spider diagrams represent 
ablation spots within crystals. Element ratios are expressed as values normalized to primitive 
mantle values (Palme and O’Neill, 2003). Within spidergrams, anomalous behavior is often 
described as negative anomalies when the observed value is less than the predicted, and positive 
when the observed value is more. Quantitatively, anomalies are represented by fractions that are 
above or below, 1. Quantifying anomalous behavior of element X is denoted as (X/X*) within 
the tables. X, is the observed value of the element, and X* is the expected value for the element 
in order to produce a smooth primitive mantle normalized REE pattern. This value is calculated 
using adjacent REE in the incompatibility sequence of elements in an ultra-mafic liquid. Rock 
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values for specific elements (Ba, Na and Sr) were calculated using observed mineral values and 
distribution coefficients, these values are noted for each flow within Tables 3a-d.  
The primitive mantle normalized ratio, (Gd/Yb)N is used in rocks to distinguish the depth 
at which melting took place. The ratio (Gd/Yb)N also correlates to Al/Ti ratios within komatiitic 
rocks and in the case of this study, the augite minerals. In principle, komatiites from the Mendon 
Formation and the Weltevreden Formation produce different (Gd/Yb)N trends in the rocks. The 
Mendon komatiites are described as Al-depleted and should have a high (Gd/Yb)N of 
approximately 1.2, reflecting fractionation by the high pressure mineral majorite. Conversely, 
komatiites from the Weltevreden Formation (Al-undepleted) should yield (Gd/Yb)N values close 
to 1.0, reflecting fractionation in the field of olivine-only (Arndt, 1986). By plotting this ratio for 
each ablation spot within the mineral, it should ideally reflect the ratio of the flows in the area of 
study. (Gd/Yb)N ratios from the mineral in flow 355-1 from the Weltevreden Formation, has an 
average of 0.76, while ratios from the same formation, flow 355-4, have two average 
populations, 0.71 and 0.32. Mendon Formation flows 107-52 and 107-3 have ratios that average 
0.95 and 1.31, respectively (Table 3a-d).  
Expected whole rock data, in reference to an unaltered sample, were generated from the 
mineral analyses by taking analyzed elemental concentrations within the augites and multiplying 
them by their distribution coefficient (Kd), a value was calculated to represent the elemental 
concentration within the rock. A distribution coefficient is defined as a ratio of the concentration 
of an element in a mineral, over the concentration of the same element in the melt. This ratio 
defines whether an element is compatible (ratios >1) or incompatible (ratio <1) within the 
mineral. Distribution coefficients values for a basaltic liquid were used for this study and are 
found in Appendix A, Table 6.  
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Table 3a- Summarized trace-element analysis of komatiitic augite of the Weltevreden Formation, 
flow 355-1 from the LA-ICP-MS in ppm. Flows and ablation sample spots are noted. Calc Ba (rx) 
represents the calculated value of the noted element based on the rock values from previous studies. 
 
Flow 355-1           
Sample 
OV1-
4_2 
OV2-
7_4 
OV2-
7_5 
OV2-
9_4 
OV2-
9_5 
OV2-
9_6 
Ba 0.19 0.31 0.15 0.58 0.13 0.39 
La 0.14 0.11 0.11 0.15 0.06 0.13 
Ce 0.53 0.49 0.44 0.57 0.40 0.58 
Na 893 1041 900 1056 898 1131 
Sr 4.10 4.24 3.62 4.84 4.20 4.91 
Pr 0.11 0.09 0.11 0.12 0.07 0.11 
Nd 0.79 0.66 0.87 0.75 0.63 1.01 
Zr 2.78 1.62 3.03 2.63 1.65 6.00 
Hf 0.13 0.10 0.17 0.14 0.11 0.27 
Sm 0.41 0.36 0.50 0.55 0.35 0.59 
Eu 0.13 0.17 0.21 0.18 0.14 0.20 
Gd 0.59 0.62 0.71 0.66 0.71 1.03 
Ti 1058 933 1441 1171 942 1498 
Tb 0.10 0.14 0.19 0.19 0.18 0.22 
Dy 0.96 1.05 1.35 1.16 1.03 1.74 
Ho 0.22 0.22 0.30 0.31 0.23 0.36 
Y 5.01 6.99 8.47 8.36 6.64 10.02 
Er 0.55 0.94 1.28 1.12 0.80 1.37 
Tm 0.09 0.12 0.14 0.17 0.10 0.18 
Yb 0.70 0.61 0.81 0.86 0.65 0.99 
Lu 0.09 0.08 0.11 0.10 0.10 0.16 
V 226 197 290 246 198 320 
(Gd/Yb)N 0.68 0.82 0.71 0.62 0.88 0.84 
(Sr/Sr*) 0.58 0.71 0.55 0.63 0.85 0.67 
(Na/Na*) 0.98 1.36 1.08 1.08 1.43 1.20 
(Zr/Zr*) 0.34 0.23 0.32 0.29 0.24 0.54 
(Hf/Hf*) 0.59 0.52 0.66 0.53 0.57 0.87 
(Ti/Ti*) 0.85 0.61 0.75 0.63 0.50 0.60 
(Eu/Eu*) 0.80 1.10 1.07 0.92 0.88 0.78 
Calc Ba(rx) 271 443 214 829 181 557 
Calc Na(rx) 8930 10410 9000 10560 8980 11310 
Calc Sr(rx) 32 33 28 38 33 38 
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Table 3b- Summarized trace-element analysis of komatiitic augite of the Weltevreden Formation, 
flow 355-4 from the LA-ICP-MS in ppm. Flows and ablation sample spots are noted. Calc Ba (rx) 
represents the calculated value of the noted element based on the rock values from previous studies. 
Flow 355-4               
Sample 
OV2-
1_1 
OV2-
1_4 
OV2-
1_5 
OV2-
3_1 
OV3-
1_1 
OV3-
2_3 
OV3-
2_4 
OV3-
3_4 
Ba 0.33 0.27 0.16 3.53 3.58 4.30 4.41 2.49 
La 0.18 0.14 0.15 0.14 0.28 0.20 0.26 0.20 
Ce 0.49 0.45 0.50 0.93 0.88 0.91 0.96 0.67 
Na 333 330 367 2565 2990 2790 2724 2470 
Sr 1.67 1.78 1.58 4.19 3.28 4.58 4.26 4.59 
Pr 0.07 0.04 0.08 0.15 0.20 0.16 0.20 0.12 
Nd 0.43 0.37 0.58 0.97 0.92 0.86 1.15 0.82 
Zr 1.11 0.48 1.58 22.20 18.37 28.70 31.90 19.20 
Hf 0.07 0.03 0.08 0.69 0.57 0.91 0.93 0.65 
Sm 0.18 0.13 0.25 0.49 0.37 0.31 0.46 0.26 
Eu 0.08 0.06 0.09 0.22 0.14 0.18 0.23 0.20 
Gd 0.39 0.15 0.33 0.68 0.32 0.48 0.50 0.26 
Ti 392 270 514 159 138 139 132 134 
Tb 0.07 0.04 0.09 0.09 0.07 0.09 0.11 0.07 
Dy 0.49 0.38 0.53 0.97 0.61 1.05 0.89 0.87 
Ho 0.10 0.07 0.14 0.22 0.17 0.22 0.25 0.18 
Y 2.79 2.03 3.31 7.04 5.03 7.26 8.40 6.42 
Er 0.33 0.20 0.40 0.96 0.65 0.93 0.86 0.86 
Tm 0.05 0.04 0.06 0.13 0.13 0.16 0.19 0.16 
Yb 0.34 0.32 0.44 0.92 0.65 1.26 1.34 1.08 
Lu 0.06 0.04 0.05 0.13 0.14 0.19 0.21 0.15 
V 85 61 109 477 271 271 218 391 
(Gd/Yb)N 0.92 0.39 0.61 0.60 0.40 0.31 0.30 0.19 
(Sr/Sr*) 0.31 0.43 0.27 0.38 0.27 0.41 0.33 0.56 
(Na/Na*) 0.49 0.63 0.48 1.84 1.93 1.94 1.68 2.37 
(Zr/Zr*) 0.28 0.15 0.29 2.25 2.22 3.89 3.06 2.91 
(Hf/Hf*) 0.65 0.30 0.52 2.52 2.47 4.45 3.22 3.56 
(Ti/Ti*) 0.47 0.64 0.58 0.13 0.18 0.13 0.11 0.19 
(Eu/Eu*) 0.97 1.34 0.99 1.16 1.29 1.41 1.48 2.35 
Calc Ba(rx) 471 379 226 5043 5114 6143 6300 3557 
Calc Na(rx) 3328 3303 3670 25650 29900 27900 27240 24700 
Calc Sr(rx) 13 14 12 33 26 36 33 36 
 
 32 
Table 3c- Summarized trace-element analysis of komatiitic augite of the Mendon Formation, flow 
107-52 from the LA-ICP-MS in ppm. Calc Ba (rx) represents the calculated value of the noted 
element based on the rock values from previous studies. 
Flow 107-52           
Sample 
OV1-
1_5 
OV2-
2_2 
OV2-
4_2 
OV2-
4_3 
OV3-
2_1 
OV3-
2_3 
Ba 25.30 1.18 10.36 0.29 10.20 12.70 
La 0.37 0.63 0.76 0.22 0.13 0.22 
Ce 0.82 1.24 1.51 0.81 0.54 0.63 
Na 586 439 517 450 556 546 
Sr 5.22 5.20 6.20 5.71 5.06 5.10 
Pr 0.14 0.16 0.15 0.13 0.10 0.12 
Nd 0.89 0.99 0.89 0.87 0.76 0.78 
Zr 3.72 3.65 8.46 3.42 3.34 4.67 
Hf 0.15 0.15 0.21 0.14 0.11 0.15 
Sm 0.40 0.40 0.43 0.42 0.40 0.36 
Eu 0.15 0.14 0.13 0.17 0.12 0.12 
Gd 0.52 0.53 0.47 0.73 0.47 0.49 
Ti 623 769 704 856 497 482 
Tb 0.09 0.08 0.12 0.12 0.10 0.08 
Dy 0.65 0.80 0.77 0.80 0.78 0.60 
Ho 0.17 0.16 0.15 0.18 0.17 0.14 
Y 3.86 4.55 4.52 4.71 3.76 3.32 
Er 0.38 0.50 0.50 0.50 0.45 0.41 
Tm 0.05 0.09 0.08 0.08 0.06 0.05 
Yb 0.44 0.56 0.58 0.48 0.40 0.35 
Lu 0.05 0.09 0.08 0.07 0.05 0.06 
V 109 114 111 133 102 100 
(Gd/Yb)N 0.96 0.77 0.66 1.22 0.94 1.12 
(Sr/Sr*) 0.52 0.40 0.44 0.59 0.75 0.63 
(Na/Na*) 0.46 0.27 0.29 0.36 0.64 0.53 
(Zr/Zr*) 0.44 0.40 0.95 0.40 0.42 0.62 
(Hf/Hf*) 0.63 0.60 0.84 0.57 0.49 0.69 
(Ti/Ti*) 0.56 0.70 0.58 0.56 0.45 0.47 
(Eu/Eu*) 0.98 0.91 0.88 0.94 0.87 0.88 
Calc Ba(rx) 36143 1686 14800 414 14571 18143 
Calc Na(rx) 5860 4390 5168 4495 5560 5457 
Calc Sr(rx) 41 41 48 45 39 40 
.
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Table 3d- Summarized trace-element analysis of komatiitic augite of the Mendon Formation, flow 
107-3 from the LA-ICP-MS in ppm. Calc Ba (rx) represents the calculated value of the noted 
element based on the rock values from previous studies. 
 
Flow 107-3               
Sample 
OV1-
1_2 
OV1-
1_4 
OV1-
2_1 
OV1-
2_2 
OV1-
3_1 
OV1-
3_3 
OV3-
2_1 
OV3-
2_2 
Ba 3.50 15.00 9.40 20.10 7.02 2.63 0.32 1.42 
La 0.20 1.62 0.67 0.57 1.22 0.17 0.14 0.25 
Ce 0.77 6.41 2.42 1.90 4.38 0.75 0.46 0.60 
Na 758 4640 2850 7600 3060 784 670 790 
Sr 5.54 48.10 12.94 17.40 24.68 6.75 5.50 4.73 
Pr 0.16 1.22 0.47 0.41 0.91 0.14 0.07 0.13 
Nd 1.03 7.99 3.06 2.24 5.76 1.03 0.66 0.96 
Zr 3.47 64.10 36.30 15.13 53.60 2.19 1.53 2.09 
Hf 0.17 1.81 1.13 0.52 1.72 0.11 0.07 0.09 
Sm 0.46 3.21 1.33 0.91 2.24 0.48 0.32 0.37 
Eu 0.19 0.97 0.46 0.36 0.75 0.19 0.11 0.14 
Gd 0.61 3.34 1.73 1.28 2.90 0.78 0.41 0.50 
Ti 1035 6870 4060 2370 3060 792 681 715 
Tb 0.12 0.65 0.33 0.21 0.51 0.12 0.08 0.09 
Dy 0.92 4.17 2.28 1.44 3.47 0.95 0.53 0.64 
Ho 0.17 0.91 0.41 0.25 0.73 0.19 0.12 0.15 
Y 4.64 19.91 10.29 7.24 17.50 4.41 3.28 3.88 
Er 0.56 2.27 1.09 0.73 1.94 0.45 0.33 0.45 
Tm 0.06 0.32 0.19 0.11 0.26 0.07 0.05 0.05 
Yb 0.39 2.00 1.09 0.74 2.08 0.36 0.31 0.33 
Lu 0.07 0.26 0.16 0.14 0.25 0.06 0.04 0.08 
V 149 215 218 194 173 121 95 131 
(Gd/Yb)N 1.28 1.35 1.28 1.40 1.13 1.74 1.05 1.24 
(Sr/Sr*) 0.54 0.59 0.41 0.67 0.42 0.71 1.04 0.59 
(Na/Na*) 0.58 0.44 0.71 2.30 0.41 0.64 0.99 0.77 
(Zr/Zr*) 0.35 0.89 1.26 0.74 1.04 0.22 0.23 0.25 
(Hf/Hf*) 0.63 0.90 1.41 0.92 1.21 0.40 0.38 0.36 
(Ti/Ti*) 0.72 0.89 1.03 0.87 0.48 0.50 0.71 0.66 
(Eu/Eu*) 1.11 0.91 0.94 1.02 0.90 0.94 0.97 1.00 
Calc Ba(rx) 5000 21429 13429 28714 10029 3757 457 2029 
Calc Na(rx) 7580 46400 28500 76000 30600 7840 6700 7900 
Calc Sr(rx) 43 375 101 136 192 53 43 37 
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Expected whole rock data represents what the bulk rock data would look like according 
to the minerals and is reported in ppm. In addition to calculating an expected whole rock value 
from the mineral, (X/X*) (again, X, is the observed value of the element, and X* is the expected 
value for the element in order to produce a smooth primitive mantle normalized REE pattern) 
was also calculated from previously reported whole rock values for Zr and Ti. For Flow 355-1 
(Zr/Zr*) is 0.97 and (Ti/Ti*) is 0.77; Flow 355-4 (Zr/Zr*) is 0.97 and (Ti/Ti*) is 0.69; Flow 107-
52 (Zr/Zr*) is 0.88 and (Ti/Ti*) is 0.74; Flow 107-3 (Zr/Zr*) is 0.87 and (Ti/Ti*) is 0.85 
5.3.1 Whole Rock Analysis  
Whole rock data from two different studies (Stiegler et al., 2012 and Lahaye et al., 1995) 
contain samples from flows in the current study areas. REE diagrams and spider diagrams (REE 
with additional trace elements) are mantle-normalized with elements in order of increasing 
compatibility within the solid with regards to an ultramafic system (increasing Kd value). Figure 
9 is a stacked plot of REE, with the upper plot depicting trends within the Mendon Formation 
(107-52 and 107-3) and the lower plot showing trends for the Weltevreden Formation (355-1 and 
355-4). Within these plots it is apparent that the trends for the two formations differ. The 
Mendon Formation has an overall trend that shows consistent enrichment within the LREE 
compared to the HREE, that is both (La/Sm)N and (Gd/Yb)N are significantly greater than 1. The 
Weltevreden Formation shows complex trends.  Sample 335-1 has (La/Sm)N significantly less 
than 1, and (Gd/Yb)N close to 1.  The other two samples also show (Gd/Yb)N close to 1, but have 
more variable (La/Sm)N.  
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Figure 9- Trace elements from whole rock analyses in previous studies, normalized to primitive 
mantle values (Palme and O’Neill, 2003). The top plot represents whole rock analyses for the 
Mendon Formation, and the bottom plot shows whole rock analyses for the Weltevreden 
Formation, Upper Pioneer Complex (Stiegler et al., 2012; Lahaye et al., 1995). 
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Overall, two very distinct, yet consistent, trends exist between the two Formations, 
especially in (Gd/Yb)N. Figure 10 is a similar plot containing the other trace elements of interest: 
LILE and HFSE. The upper plot represents whole rock analyses from the Mendon Formation, and 
the lower plot represents whole rock analyses from the Weltevreden Formation.  As expected the 
alkali and alkaline earth elements, Ba, Na and Sr, are highly variable, with values displaying little 
correlation with REE, typical of these labile elements easily modified by low-temperature 
processes.  The elements Zr, Hf and Ti, are as expected, well correlated with the REE and distinct 
in comparing the Mendon and Weltevreden flows – with Mendon samples displaying negative 
anomalies for all three, but the Weltevreden only displaying negative anomalies for Ti. 
5.3.2 Distinction of Core vs Rim 
 Figure 7 is an example of a pyroxene crystal that shows a clear distinction between 
compositions which have been separated into ‘cores’ and ‘rims’. Pigeonite, a type of pyroxene, is 
thought to crystalize before augite within predicted phases (Kareem, 2005 Figure 2.20), and is 
known to alter to chlorite. The core of the majority of pyroxenes is thought to be chlorite, 
deriving from the original altered pigeonite. However, in order to better assess the geochemical 
signature and determine if either area had been effected by alteration, LA-ICP-MS was 
performed within each area.  
 REE and trace element data are displayed within spidergrams normalized to PM. REE are 
presented within an isolated graph and then trace elements are added. Elements are ordered 
based on increasing compatibility within a basaltic liquid system (Figure 11). The upper plot 
represents the isolate REE while the lower plot are the remaining trace elements (HFSE and 
LILE), The two plots show a distinct separation within the 6 ablation spots, that correlate with 
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the location of the ablation, i.e. the core or the rim. Spots OV1-4_1, 1-4_2 and 1-4_3 were all 
ablated within the rim, while the remaining trends represent ablation spots taken within the core.  
 The ablation spots within the plot show different trends based on whether they are located 
within the core, or the rim of the crystal. The rim exhibits a REE plot distinctive of a typical 
clinopyroxene, which is a trend depleted in LREE and HREE ~1. The core, however, does not 
indicate a REE plot of a clinopyroxene. This trend is seen within the majority of the ablated 
crystals. Petrographically and geochemically, it seems the core has been affected by alteration 
and had therefore affected the trace elements. Due to the altered nature of the core, the focus of 
this study was centered on the less altered rims.  
5.3.3 Variation Diagrams 
Plotting normalized data on bivariate diagrams allows a demonstration of the degree of 
coherency of data collected from the minerals. Elements of interest include: Na, Sr, Zr and Ti. 
Each element is plotted against gadolinium (Gd), a middle REE with a distribution coefficient of 
0.4 (Figure 12). Data plotted on the variation diagrams represent augite analyses normalized to 
primitive mantle values. The line represents the ratio between the two elements’ partition 
coefficient. Plots correspond to the four flows. Generally, the trends appear to behave as a 
coherent data set for each element, and plot relatively well regarding the element ratio line. 
(Na/Gd)N has an expected elemental ratio of 0.1/0.4 (0.25) from the distribution 
coefficients, which is represented by the line within the graph. Most of the samples follow the 
trend of this line suggesting that Na is behaving as predicted, however, there is a coherent 
population found within flow 355-4 that has sodium enriched by a factor of four.  
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Figure 10- Trace elements from whole rock analyses with values normalized to primitive mantle 
(Palme and O’Neill, 2003). The top plot represents whole rock analyses for the Mendon Formation, 
and the bottom plot shows whole rock analyses for the Weltevreden Formation, Upper Pioneer 
Complex. Values are normalized to primitive mantle values (Stiegler et al., 2012; Lahaye et al., 
1995).  
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Figure 11- REE (top) and trace element (bottom) plots are normalized using primitive mantle 
values (Palme and O’Neill, 2003), for augites of komatiitc baslats within the Weltevreden 
Formation. Graphs contain individual ablation samples for 355-1. This geochemical analysis 
shows the disniction between different locations analyzed within a same crystal. The upper trends, 
OV1-4_4, 1-4_5 and 1-4_6, were analyzed from within the core of a pyroxene, while OV1-4_1, 
1-4_2, and 1-4_3 were located within the rim of the crystal. These spots correlate with Figure 7. 
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Figure 12- Mantle normalized Gd vs. Na, Sr, Zr, and Ti, in augite from four komatiitic basalt flows 
within the Mendon and Weltevreden Formations. Different symbols correspond to the four flows. 
Reference lines within each graph represent elemental ratios. Red lines are expected values based 
on Kd values. 
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(Sr/Gd)N has an expected elemental ratio of 0.12/0.4 (0.3) from the distribution 
coefficients, again this ratio is represented by the line within the graph. The samples behave as a 
coherent group, but with observed values lower than expected Sr values by as much as 30%.  
(Zr/Gd)N has an elemental ratio of 0.12-0.4, similar to Sr, but Zr shows more variation 
within the sample populations. Although there is a strong correlation that follows the slope of the 
within the majority of the samples, individual observations are lower than predicted values by as 
much as a factor of two. There are also separate populations enriched in Zr, 355-4 up to ten times 
the predicted values, and within flow 107-52, up to three times predicted values.  
Lastly, the (Ti/Gd)N elemental ratio is (0.4/0.4). Within the minerals, Ti appears to be 
behaving very well. It creates a coherent trend along the element ratio line, with individual 
samples having observed values down by a factor of two below the predicted values. Flows 355-
1 and 107-52 appear to plot tightly with respect to their flows, showing small variations. Again, 
there is a population within 355-4 that has an exaggerated depletion within observed Ti, by a 
factor of ten. Overall, there appears to be an anomalous population with the data set of flow 355-
4 that behaves differently within the mineral.  
5.3.4 Mendon Formation Flow 
REE data from augites within the Mendon Formation flows (107-52 and 107-3) are 
displayed normalized to primitive mantle (Figure 13). Six ablation samples are represented for 
107-52 and eight are represented in 107-3. Overall, the REE concentrations in 107-52 exhibit a 
depletion in LREE (low (La/Sm)N ratios) and flat HREE pattern ((Gd/Yb)N close to one). 
However, three samples show a positive La and Ce anomaly (OV2-4-2, OV2-2-2, and OV1-1-5). 
Samples in 107-3 are comparatively more variable in overall concentration and vary by an order 
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of magnitude. The REE trend for all 8 samples follows a depletion in LREE and flat HREE 
pattern. No anomalous behavior is exhibited within the REE. 
Figure 14 is a display of trace element data for augites normalized to primitive mantle 
within Mendon Formation flows. In sample 107-52 the, HFSE, Zr and Hf display negative 
anomalies save for one sample, OV2-4-2. Ti also exhibits a negative anomaly. Examining the 
LILE, Ba is inconsistent, displaying either a large positive anomaly or a large negative anomaly, 
while the other LILE in the system, Na and Sr, appear to have exclusively negative anomalies. 
However, within flow 107-3 a trend separation becomes apparent when observing the rest of the 
trace elements and the overall concentration; half of the samples are depleted and show minimal 
variation amongst their concentrations and within their anomalies. The other four samples show 
a much more spaced concentration, all of which are above 1. The HFSE further distinguish the 
separation between the two identified trends. The four enriched samples show no anomalous 
behavior for Zr or Hf, however, the other four samples show a large negative anomaly for Zr and 
Hf. Ti appears to be either behaving well within the system, or showing a negative anomaly. 
LILE Ba is inconsistent throughout all samples, with both negative and positive anomalies 
throughout the flow while Sr has a negative anomaly for all samples except one, OV3-2-1. Na 
has a negative anomaly for the majority of samples, except OV1-2-2 (Figure 14).  
5.3.5 Weltevreden Formation Flow 
 REE trends from samples 355-1 and 355-4 from the Weltevreden Formation flow are 
shown within Figure 13 and mineral analyses are normalized to primitive mantle. 355-1 is 
represented by six sample ablation spots, while 355-4 is represented by 8. REE trends for 355-1 
behave in accordance to a typical augite trend in REE fractionation plots for an ultra-mafic 
system. Samples show a depletion in LREE (low (La/Sm)N ratios) and flat HREE ((Gd/Yb)N ~1). 
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REE concentrations throughout the samples are fairly consistent and there are no apparent 
anomalous behaviors found within the REE. Samples from 355-4 have the same general trend in 
REE as 355-1. The LREE are depleted and HREE are flat. This flow however, does show 
variation within the REE. There are inconsistent trends within the middle REE, specifically Eu, 
Gd, and Tb. OV3-3-4 and OV3-2-4 have positive Eu anomalies followed by a negative Gd 
anomaly. The rest of the trends show gradual and more consistent increases that flattens towards 
the HREE. 
Figure 14 is a plot including the rest of the trace elements which have been normalized to 
primitive mantle values. In sample 355-1 the HFSE (Zr, Hf and Ti) all show negative anomalies. 
The LILE, Ba and Sr, are negative as well, while Na shows no anomaly. The remaining trace-
elements within 355-4 begin to reveal two distinct patterns within the minerals of this flow. One 
pattern existing within samples OV3-2-4, OV3-1-1, OV2-3-1, OV3-3-4 and OV3-2-3 all share a 
positive Zr and Hf anomaly, while Ti has an exaggerated negative anomaly. This pattern also 
displays a positive anomaly for Ba and Na and a negative Sr anomaly. The remaining three 
samples, OV 2-1-4, OV2-1-1, and OV2-1-5, separate themselves from the other pattern by 
exhibiting a negative Zr, Hf and Ti anomalies, and negative anomalies for Ba, Na and Sr. 
5.3.6 Summary of Main Geochemical Features 
Samples were chosen to include komatiitic basalts from two geochemically distinctive 
flows in the upper Onverwacht that are relatively well studied and have preserved magmatic 
augite. Within some augites, the ratio of incompatible elements is consistent with known 
distribution coefficients. In some samples augites display a variability of incompatible elements, 
including REE, HFSE and LILE. The majority of the incompatible trace elements have a 
predictable behavior based on their adjacent trace elements and bulk rock composition.  
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Figure 13- REE, normalized using primitive mantle values (Palme and O’Neill, 2003), for augites of komatiitc basalts within the Mendon 
and Weltevreden Formations. The left column represents the Weltevreden Formation, and the right is the Mendon. Graphs contain 
individual ablation samples for each of the four flows, and are denoted within their respective graphs.
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Figure 14 Trace elements, normalized using primitive mantle values (Palme and O’Neill, 2003), for augites of komatiitc basalts within 
the Mendon and Weltevreden Formations. The left column is the Weltevreden Formaiton, and the right is the Mendon. Graphs contain 
individual ablation samples for each of the four flows, and are denoted within their respective graphs. 
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Variation between the samples is concentrated within the HFSE and the LILE. Zr and Hf 
almost always show negative anomalies in all four samples, however there is a population within 
355-4 that displays a positive Zr and Hf anomaly, and a population in 107-3 that shows no 
anomalous behavior. Ti consistently displays a negative anomaly. Ba exhibits the most extreme 
departure from its adjacent (adjacent on the x-axis of the normalization plots) REE, with both 
positive and negative anomalies in all flows except 355-1. Na appears to be reliably measured 
within the augite, correlating well with the adjacent trace elements. Sr is consistent with a 
negative anomaly in all four of the flows in both the mineral and the whole rock. Zr and Hf 
display irregular behavior in the Weltevreden samples with a negative anomaly in 355-1 and 
large variably anomalies in 355-4.  Ti exhibits a negative anomaly in all samples but 107-3, 
where some samples have no anomaly.  
5.4 PREDICTED MINERAL COMPOSITIONS 
In order to evaluate the hypothesis stated that augites within these rocks provide a better 
estimate of mobile trace elements than bulk rock analyses -- a comparison must be made 
between the augite data and the original composition of the magma. This is problematic, because 
all komatiites and komatiitic basalts have experienced some degree of alteration. We will 
compare observed augite and rock compositions using known distribution coefficients and 
various degrees of fractionation using a modified equation derived from Rayleigh Fractionation 
Law.  
5.4.1 Rayleigh Fractionation Law (Modified) 
A distribution coefficient (Kd), measures an element’s affinity to partition into the solid, 
and is the ratio of the concentration of element X in the mineral (C(X) mineral), to the 
concentration of element X in the liquid (C (X) liquid) (Equation 1) at equilibrium. Since a liquid 
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concentration is provided in the form of the bulk rock analysis, a predicted mineral value can be 
calculated using this equation. A problem arises with this equation when dealing with complex 
igneous processes such as fractionation. Simply using the relationship between the mineral 
concentration, liquid concentration and the Kd value does not account for fractional 
crystallization, including mineral zonation and magma differentiation. Thus, trace element 
distribution is not always a simple equilibrium process, to the extent that the residual melt 
becomes enriched in incompatible elements. As this process continues, the residual melt moves 
further from the original composition of the magma. The Rayleigh Fractionation Law (Equation 
2) takes the effect of fractionation on a magma into account by addressing the fraction of liquid 
remaining. Cl and Co are the concentrations of element X in the fractionated liquid and initial 
liquid, respectively. F is the fraction of liquid remaining in the system, and Kd is the distribution 
coefficient associated with element X.  
This study is ultimately interested in comparing the concentration of elements in the 
calculated augite composition (CA) to the observed concentrations in the augites. In order to 
calculate the predicted element concentrations in the augite, the Cl will need to be calculated at 
various fractionation factors (Equation 3) and then by multiplying the Kd value and the 
calculated Cl (Equation 4). This derivation ultimately results in a combined equation to calculate 
the concentration of an element in the calculated augite composition at various fractionation 
intervals (Equation 5).  
Distribution coefficient (Kd) values vary primarily based on the system that they are in 
(basaltic, rhyolitic, etc.), however, varying pressure and temperature conditions may also effect 
Kd values. Values for this study come from a basaltic liquid, as Kd values for komatiitic liquids 
have yet to be evaluated, and can be found in Appendix A. Within basaltic systems, pressure is a 
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minor consideration, while temperature is a significant variable for Kd values. Temperature 
variability within Kd values is avoided by using values from basalt-peridotite equilibrium.  
Predicted results were calculated and a summarized report of average low compositions, 
average high compositions and predicted mineral concentrations are in Tables 4a and 4b. Reports 
show predicted mineral values calculated for 100% liquid (bulk rock), 50%, and 25% 
fractionated liquid. Bulk rock analyses found in Appendix B, Table 6, were used to calculate the 
predicted mineral value for 100% liquid. Equation (3) can be used to calculate the composition 
of the residual melt for 50% and 25% liquid. A combined calculation (Equation (5)) solves for 
the predicted composition of the mineral from a melt that has undergone various degrees of 
fractionation. These values were then normalized to primitive mantle (Palme and O’Neill, 2003) 
and plotted against observed data.  
(1)  𝐾𝑑 =
𝐶(𝑥) 𝑚𝑖𝑛𝑒𝑟𝑎𝑙
𝐶(𝑥) 𝑙𝑖𝑞𝑢𝑖𝑑
 
 
(2) 
𝐶𝑙
𝐶𝑜
= 𝐹(𝐾𝑑−1) 
 
(3) 𝐶𝑙 = 𝐹
(𝐾𝑑−1) ∗ 𝐶𝑜 
 
(4) 𝐶𝐴 = 𝐶𝐿 ∗ 𝐾𝑑 
 
(5) 𝐶𝐴 = (𝐹
(𝐾𝑑−1) ∗ 𝐶𝑂) ∗ 𝐾𝑑 
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Table 4a-Calculated augite values using a modified Rayleigh Fractionation Law to represent 
remaining liquid, with average high element concentrations and average low element 
concentrations within augite minerals of komatiitic basalts from flows of the Weltevreden 
Formation. Predicted augite values are calculated from bulk rock data using Equation 5, for 
intervals of 100%, 50% and 25% of the liquid remaining. 
 
355-
1 
Pred 
Pyx 
at 
100
% liq 
Pred 
Pyx 
at 
50% 
liq 
Pred 
Pyx 
at 
25% 
liq 
Avg 
High 
Avg 
Low 
  
355-
4 
Pred 
Pyx 
at 
100
% liq 
Pred 
Pyx 
at 
50% 
liq 
Pred 
Pyx 
at 
25% 
liq 
Avg 
High 
Zr 
Avg 
Low 
Zr 
 
  
Ba 0.007 
0.01
2 
0.023 
0.43
0 
0.22
0 
 Ba 0.022 
0.04
4 
0.087 
3.44
9 
0.25
1 
La 0.05 0.11 0.20 0.21 0.08  La 0.15 0.28 0.54 0.21 0.16 
Ce 0.23 0.44 0.82 0.99 0.33  Ce 0.53 1.00 1.88 0.85 0.48 
Na 2970 5542 
1034
2 
1082 827  Na 2990 5580 
1041
2 
2560 343 
Sr 2.39 4.37 7.99 5.30 3.62  Sr 3.03 5.54 10.13 4.02 1.68 
Pr 0.06 0.11 0.20 0.20 0.07  Pr 0.11 0.21 0.37 0.16 0.06 
Nd 0.44 0.77 1.35 1.48 0.62  Nd 0.73 1.29 2.26 0.91 0.46 
Zr 2.57 4.73 8.68 8.75 1.63  Zr 3.90 7.16 13.14 
22.6
4 
1.06 
Hf 0.16 0.27 0.46 0.34 0.10  Hf 0.24 0.39 0.66 0.71 0.06 
Sm 0.28 0.46 0.75 0.85 0.31  Sm 0.37 0.60 0.98 0.37 0.19 
Eu 0.13 0.21 0.33 0.31 0.10  Eu 0.13 0.21 0.34 0.19 0.08 
Gd 0.59 0.90 1.36 1.49 0.44  Gd 0.65 0.98 1.49 0.44 0.29 
Ti 1092 1632 2440 1934 1016  Ti 1050 1570 2346 156 392 
Tb 0.12 0.18 0.26 0.24 0.09  Tb 0.13 0.19 0.28 0.08 0.07 
Dy 0.85 1.25 1.84 1.86 0.89  Dy 0.90 1.33 1.95 0.85 0.47 
Ho 0.18 0.26 0.39 0.42 0.18  Ho 0.19 0.28 0.42 0.20 0.10 
Y 5.21 7.54 10.91 9.29 4.78  Y 5.52 7.99 11.57 6.57 2.71 
Er 0.46 0.70 1.08 1.00 0.53  Er 0.48 0.73 1.12 0.82 0.31 
Tm 0.08 0.11 0.17 0.17 0.10  Tm 0.08 0.11 0.17 0.15 0.05 
Yb 0.47 0.70 1.04 1.15 0.57  Yb 0.49 0.73 1.09 1.01 0.37 
Lu 0.09 0.13 0.18 0.16 0.07  Lu 0.10 0.14 0.19 0.16 0.05 
V 691 161 38 397 201  V 626 146 34 311 85 
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Table 4b-Calculated augite values using a modified Rayleigh Fractionation Law to represent 
remaining liquid, with average high element concentrations and average low element 
concentrations within augite minerals of komatiitic basalts from flows of the Mendon Formation. 
Predicted augite values are calculated from bulk rock data using Equation 5, for intervals of 
100%, 50% and 25% of the liquid remaining. 
 
107
-52 
Pred 
Pyx 
at 
100
% liq 
Pred 
Pyx 
at 
50% 
liq 
Pred 
Pyx 
at 
25% 
liq 
Avg 
High 
Avg 
Low 
  
107-
3 
Pred 
Pyx 
at 
100
% liq 
Pred 
Pyx 
at 
50% 
liq 
Pred 
Pyx at 
25% 
liq 
Avg 
Enrich
ed 
Avg 
Lo
w 
Zr 
 
  
Ba 
0.01
1 
0.02
2 
0.04
4 
11.69
5 
11.45
0 
 Ba 
0.03
2 
0.06
4 
0.127 12.88 1.97 
La 0.19 0.37 0.72 0.29 0.18  La 0.20 0.39 0.79 1.02 0.19 
Ce 0.84 1.59 2.99 0.84 0.58  Ce 0.80 1.51 2.96 3.78 0.65 
Na 820 1530 2855 546 551  Na 3590 6699 12969 4538 751 
Sr 3.50 6.41 
11.7
3 
5.52 5.08  Sr 6.33 
11.5
7 
21.95 25.78 5.63 
Pr 0.18 0.34 0.61 0.15 0.11  Pr 0.18 0.32 0.61 0.75 0.12 
Nd 1.24 2.17 3.82 0.86 0.77  Nd 1.13 1.99 3.61 4.76 0.92 
Zr 5.74 
10.5
4 
19.3
4 
6.61 4.01  Zr 4.89 8.97 17.07 42.28 2.32 
Hf 0.29 0.48 0.80 0.21 0.13  Hf 0.24 0.41 0.70 1.29 0.11 
Sm 0.60 0.98 1.61 0.39 0.38  Sm 0.49 0.79 1.34 1.92 0.41 
Eu 0.23 0.36 0.58 0.16 0.12  Eu 0.21 0.33 0.55 0.64 0.16 
Gd 1.01 1.53 2.32 0.61 0.48  Gd 0.85 1.29 2.00 2.31 0.57 
Ti 1722 2574 3848 676 489  Ti 1638 2449 3748 4090 806 
Tb 0.18 0.28 0.41 0.11 0.09  Tb 0.15 0.23 0.35 0.42 0.10 
Dy 1.18 1.74 2.57 0.75 0.69  Dy 1.00 1.47 2.21 2.84 0.76 
Ho 0.24 0.35 0.53 0.17 0.15  Ho 0.20 0.30 0.46 0.57 0.15 
Y 7.39 
10.7
0 
15.4
8 
4.40 3.54  Y 5.92 8.57 12.67 13.74 4.05 
Er 0.45 0.69 1.05 0.48 0.43  Er 0.51 0.79 1.23 1.51 0.45 
Tm 0.10 0.14 0.22 0.07 0.05  Tm 0.08 0.11 0.17 0.22 0.06 
Yb 0.62 0.92 1.36 0.48 0.38  Yb 0.53 0.79 1.19 1.48 0.35 
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(Table 4b continued) 
107
-52 
Pred 
Pyx 
at 
100
% liq 
Pred 
Pyx 
at 
50% 
liq 
Pred 
Pyx 
at 
25% 
liq 
Avg 
High 
Avg 
Low 
  
107-
3 
Pred 
Pyx 
at 
100
% liq 
Pred 
Pyx 
at 
50% 
liq 
Pred 
Pyx at 
25% 
liq 
Avg 
Enrich
ed 
Avg 
Lo
w 
Zr 
Lu 0.11 0.16 0.22 0.07 0.05  Lu 0.10 0.14 0.19 0.20 0.06 
V 0 0 0 121 101  V 0 0 0 200 124 
 
 
5.4.2 Observed Analyses vs Predicted Values  
An examination of the REE (Figure 15) permits a simple evaluation of the fidelity of 
these trace elements in understanding magmatic and alteration processes in these komatiitic 
basalts. Samples 355-1 and 107-3 match exceptionally well to their predicted values suggesting 
that the REE are at original magmatic values in the altered rocks, and that the augites crystallize 
over a range of compositions that are represented by 100% liquid of bulk rock composition and 
fractional crystallization down to approximately 25% liquid remaining. Samples 107-52 and 355-
4, although plotting low in comparison, match the trend of the predicted values, this is a typical 
relationship where the bulk rock has accumulated augite and thus deviates slightly from the 
liquid composition. Sample 355-4 has a second trend, ‘Avg High Zr’ that is much more enriched 
in the HREE and may reflect crystallization from a different liquid. Collectively, the REE trends 
observed in the augites match the values predicted from the bulk rock. That is, the bulk rock 
compositions appear to retain magmatic REE compositions unaffected by alteration.  
Having established that the REE behave in a predictable manner, we can now compare 
the other mobile (LILE) and immobile (HFSE) elements, in augites and rocks. With the addition 
of HFSE, and LILE, the plots becomes more complex and anomalies are much more apparent 
(Figures 16 & 17).
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Figure 15- Predicted and averaged observed augite concentrations for REE normalized to primitive mantle values (Palme and O’Neill, 
2003). Samples 355-1 and 355-4 (left) represent the Weltevreden Formation and samples 107-52 and 107-3 (right) represent the Mendon 
Formation. Predicted augite values are calculated from bulk rock data using Equation 5, for intervals of 100%, 50% and 25% of the 
liquid remaining.
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Figure 16- Predicted and averaged observed trace elements, normalized to primitive mantle 
values (Palme and O’Neill, 2003)for augites from different flows within the Weltevreden 
Foramtion. The top plot is flow 355-1, and the bottom is 355-4. Predicted augite values are 
calculated from bulk rock data using Equation 5, for intervals of 100%, 50% and 25% of the 
liquid remaining. 
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Figure 17- Predicted and averaged observed trace elements, normalized to primitive mantle values 
(Palme and O’Neill, 2003) for komatiitc basalts from the same flow within the Mendon Formation. 
The top plot is flow 107-52 which is stratigraphically higher, and the bottom is 107-3. Predicted 
augite values are calculated from bulk rock data using Equation 5, for intervals of 100%, 50% and 
25% of the liquid remaining. 
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Averaged trace elements within minerals from sample 355-1 of the Weltevreden 
Formation compare very well with predicted values. Zr, Hf and Ti match between the predicted 
values and the augites. Sr also appears to have negative anomalies for both predicted and 
observed values. However, predicted values for Ba and Na appear to exhibit the most extreme 
departures from an expected value. This behavior is not surprising since these elements are 
known to be readily mobilized. Subsequently, these elements do not match within the predicted 
and analyzed augites (Figure 16).  
Averaged values from sample 355-4 of the Weltevreden Formation are less conformable 
to the predicted values than 355-1. Zr, HF and Ti separate into two observed trends with very 
contrasting anomalies. One trend ‘Avg High Zr’, exhibits a high Zr-Hf anomaly and an 
exaggerated low negative Ti anomaly. The second trend contains a negative anomaly for Zr, Hf 
and Ti, which is consistent within flow 355-1. Predicted augite values appear slightly negative 
for Zr and Ti. Again Na and Ba show deviations from expected values. Na and Sr values for 
‘Avg High Zr’ trend match predicted values, while Ba appears enriched compared to low 
predicted values. While Ba in the ‘Avg Low Zr’ trend matches the overall predicted trend, Na 
appears much lower (Figure 16). 
In sample 107-52, averaged trace elements match very well with predicted values of 
100% liquid. Hf and Ti all appear to have slightly more negative anomalies than the predicted 
values. Averaged Ba and Na also match with predicted augite values at 100%, while Ba is 
largely enriched compared to predicted values. Again, this extreme departure seen between 
predicted and observed Ba values is not unexpected due to its mobile nature. 
Averaged values for samples 107-3 are separated into two trends that both largely seem 
to match the predicted values. The ‘Avg Enriched’ trend closely matches predicted values with 
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25% of the liquid remaining. Zr, Hf and Ti do not exhibit anomalous behavior in the observed 
average but have slightly negative values in the predicted trends. Ba and Na do not match 
between observed and predicted values, observed values appear somewhat flat, while predicted 
values show extreme negative and positive anomalies, respectively. Averaged Sr matches 
predicted augite values at 25% liquid remaining. The other averaged trend, ‘Avg Low Zr 
‘correlates to the predicted value of 100% liquid. Zr and Hf and Ti, match with predicted values, 
although negative anomalies are larger in averaged values. Ba and Na do not match predicted 
values while Sr in both the averaged and predicted values behave in a predictable negative 
anomaly.  
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6. DISCUSSION  
The analysis of augite by LA-ICP-MS in komatiitic basalts is shown above to verify the 
immobile character of the HFSE (REE, Zr, and Ti) in bulk rock analyses.  It also permits the 
estimation of the mobile LILE (Ba, Na, and Sr) by comparison to values predicted from REE 
with similar distribution coefficients. 
The assurance that HFSE and REE are immobile during alteration will help dispel 
concerns often raised with past studies. A number of workers have suggested that non-chondritic 
ratios of HFSE/REE occur due to fractionation of high-pressure minerals either before or during 
komatiitic magma formation (Jochum et al., 1990; Xie et al., 1993; McCuaig et al., 1994; Xie 
and Kerrich, 1994). Xie and others (1993, 1994) found that positive Nb, Hf and Zr anomalies in 
Al-undepleted komatiites were related to the accumulation of Mg-perovskite in the source. 
Negative anomalies in Al-depleted komatiites are a result of majorite fractionation (Xie et al., 
1993; McCuaig et al., 1994). However, Lahaye et al., (1995) attribute some of these anomalies to 
element mobility during extreme low-temperature alteration, not to fractionation of high-pressure 
minerals. Causes for fractionation in HFSE/REE ratios in the BGB have been attributed to three 
separate processes (Lahaye et al., 1995). The first being, negative Zr-Hf anomalies and low Nb 
and Th contents within komatiites from the Mendon and older Komati Formation represent 
fractionation of majorite during komatiitic magma formation. Secondly, magma contamination 
by felsic crustal rocks in samples from the Mendon Formation leads to progressive depletion in 
Nb and La relative to Th and Nd. The third interpretation involves element mobility during 
hydrothermal alteration and metamorphism, which occurs in the cases of extreme alteration via 
carbonate replacement of silicates.  
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Generally, the data from this study suggests a high fidelity in the relationship between the 
composition of original magma and the augites. Observed REE compare well to calculated 
values and do not demonstrate element mobility (Figure 15). It is essential to establish REE 
immobility in order to examine the complex relationships of the other HFSE and to estimate the 
LILE. By demonstrating that the REE are behaving within appropriate parameters in respect to 
whole rock data and Rayleigh Fractionation, they can be used with some confidence to 
demonstrate the nature of other elements.  
6.1 REE (OBSERVED AUGITE) – REE (AUGITE*) 
 Comparing the REEs within the observed augites and the REE within the calculated 
augites (augite*), shows that there is a good correlation between the two for samples 355-1, 107-
3 and 107-52 (Figure 15). This suggests that the crystals formed from liquids related to Rayleigh 
fractionation which have initial compositions represented by the bulk rock. Lava flows that are 
crystallizing a phase such as olivine or augite will have bulk compositions related to both 
accumulation of these phenocrysts, where they can be mechanically separated by processes such 
as settling of more dense phases, as well as Rayleigh fractionation of the liquid. When a single 
phase is crystallizing, in this case augite, modest amounts of accumulation or fractionation 
produce a single linear trend with the initial liquid at an intermediate position on the trend. Thus, 
our modelled fractionation, of up to 75%, likely reflects some amount of accumulation. The 
observed augite phenocryst modal composition is close to 50% in these rocks, and this likely 
places a limit on the amount of Rayleigh fractionation. The REE plot for 355-4 is unlike the 
other three flows. The clear distinction between two populations within this sample suggests that 
another process is taking place and crystals forming from the liquid are not related to Rayleigh 
fractionation.  
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6.2 MOBILE ELEMENTS 
 Ba, Na and Sr, are the LILE studied in these komatiitic basalts, and they are known to be 
sensitive to alteration. In whole rock data, Na is highly variable, as seen in whole rock analyses 
from the Mendon Formation (Figures 9 and 10). However, even when Na appears constant in a 
sequence of flows, such as found in the Weltevreden Formation, it does not necessarily represent 
the original liquid composition. Indeed, the Weltevreden rocks average about 4 wt.% Na2O, but 
modelling from melt inclusions (Thompson et al., 2012) and from augite compositions (this 
study) requires the magmatic Na2O be very close to 1.0 wt.%. It is clear that Na is an element 
that behaves as an open system during alteration, likely as early as initial reactions with 
seawater. Unlike komatiites, the komatiitic basalts have significant amounts of groundmass Ca-
rich plagioclase. As this reacts with seawater, the plagioclase in converted to Na-rich varieties. 
Na is a major element within Earth’s crust, yet it has not been considered in petrogenetic models 
of komatiites and komatiitic basalts. Using augite analyses should permit the addition of this 
element to models of komatiite petrogenesis and mantle evolution.  
Sr displays moderate variation within whole rock analyses and has not been used in 
petrogenetic modeling of komatiites and komatiitic basalts. Whole rock concentrations of Sr 
from Mendon Formation samples 107-52 and 107-3, clearly reflect mobility in this system, 
varying by a factor of three even though TiO2 values suggest little fractionation (Lahaye et al., 
1995). Sr in Weltevreden flows 355-1 and 355-4, varies by a factor of two within the whole 
rocks with little variation in TiO2 and thus little fractionation. Sr values found within the augites 
within flow 355-1 can provide more accurate concentrations for Sr than the whole rock analyses.  
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Both Na and Sr appear to have relatively low X/X* values. Petrogenetic models will benefit from 
the addition of Sr, especially in light of the negative Sr anomalies. This suggests a Sr-bearing 
phase has been fractionated out, and by using Sr-isotopes this may provide evidence for the 
timing of this fractionation event.  
Having established, through variation diagrams and multi-element plots, that the REE, 
including La and Ce, seem robust to alteration processes, Ba can be estimated by extrapolating 
from the augite REE. In flow 355-1, Ba behaves as predicted. The sharp difference in Ba and La 
is a function of a large gap in the distribution coefficient values of the two. Calculated mineral 
values for Ba are derived from the rock and plot unrealistically low. The other three flows, 355-
4, 107-52 and 107-3, all exhibit variable concentrations of Ba in the augites, but Ba values 
follow anomalies that distinguish multiple populations within single samples.  
6.3 IMMOBILE ELEMENTS 
 The HFSEs Zr, Hf, Ti, and Y are usually unaffected in rocks that have undergone 
metasomatic alteration. These conservative elements should reflect the closest concentrations to 
original magma provided the rocks have not undergone extensive alteration. Comparing Y to its 
adjacent REE, demonstrates the utility of this element as a proxy for the HREE in both augites 
and bulk rocks. 
Zr and Hf are geochemically similar and are normally not fractionated relative to each 
other.  Zr concentrations within komatiites behave as immobile elements (Stiegler et al., 2012, 
(Figure 5)) but komatiitic basalts appear to behave differently. Komatiitic basalts within the 
Weltevreden show little variation in MgO or TiO2 values (suggesting no fractionation) yet Zr 
exhibits a factor of two variation. Thus a process other than simple Rayleigh fractionation or 
extreme alteration must be found to explain this variation 
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Zr and Ti in augites show negative anomalies (relative to REE) within every flow, with 
an unusually large negative anomaly in 355-4. Negative Zr anomalies, seen in whole rock data 
from many types of komatiites, have been attributed to high pressure garnet or majorite 
fractionation during partial melting (Jochum et al., 1990; Xie and Kerrich, 1994). However, these 
elements create two populations within flows 355-4 from the Weltevreden, and 107-3, from the 
Mendon, which also show a positive anomaly or a lack of anomalous behavior, respectively 
(Figures 16 & 17). Such behavior in geochemically similar and spatially close flows suggests 
that these magmatic events involve either magma mixing from two extremely different sources, 
or active contamination by assimilation of felsic crustal materials, in either case producing suites 
of flows that are chemically heterogeneous within and between flows.  
Positive Zr-Hf anomalies in Al-undepleted komatiites are interpreted by Jochum, Xie, 
Kerrich and others (1990, 1994), as the result of the accumulation of a high pressure phase (i.e. 
perovskite) in the deep mantle source. However, this interpretation has been met with caution 
because the high anomalies had yet to be produced in other high-quality mass spectrographic 
analyses. Thus, some authors attribute HFSE anomalies in Barberton komatiites as three separate 
processes: element mobility during alteration, crustal assimilation, and majorite fractionation 
(Lahaye et al., 1995). Results from this current study with augites suggest that only the latter two 
models are likely. 
6.4 IMPLICATIONS FOR KOMATIITIC BASALT PETROGENESIS 
Zr and Hf values in sample flows 355-4 and 107-3 exhibit rather strange behavior. Two 
separate populations within 355-4 have opposing anomalies, however, whole rock data from 
Stiegler et al. (2012) note high Zr-Hf concentrations within komatiitic basalts that seem to 
correlate to the observed populations within this study. Conversely, the negative population is 
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consistent within all of the other sample flows. Komatiitic basalts showing high Th/Nb and 
elevated (La/Sm)N ratios are features that are thought to be linked to crustal contamination or 
hydrous melting in a subduction setting (Parman et al., 2004). HFSE are known to become 
enriched during fractional crystallization and from extensive fluid metasomatism. It is unlikely 
that the Zr enrichment is a product of extensive metasomatic alteration because these rocks are 
not associated with the typical qualities of highly altered silicified and carbonated rocks that 
preserve original igneous textures, but show very different compositions. 
The Mendon Formation flow, 107-3, also contains two populations regarding 
geochemical trends. A negative trend, as seen within other samples, and a trend that is higher in 
overall concentration and has no Zr-Hf anomaly. The latter population suggests a change in the 
liquid composition as the crystals were forming. Fractional crystallization can account for the 
change in concentrations, but it cannot explain the disappearance of the Zr-Hf negative anomaly. 
One explanation to account for the two populations within flow 107-3 is contamination by 
assimilation of felsic material that was only partially homogenized within erupting flows. This 
would result in two different magma trends. High concentration trends in the LREE; Ba, La and 
Ce in addition to negative Ti all support crustal contamination. This interpretation does not 
address the disappearance of the Zr-Hf anomaly in the upper flat trends. 
Ti and Zr are observed to be highly variable within the augites as well as in the whole 
rock data of Lahaye et al. (1995). This confirmation of variability within previous whole rock 
and the mineral analyses from this study support Lahaye and others explanation for a high Zr 
population in komatiitic basalts as assimilation of felsic material (1995). 
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7. CONCLUSIONS 
 
Using LA-ICP-MS to analyze trace elements within fresh augite minerals of 3.3 Ga 
komatiitic basalts reveal that the LILE are clearly mobilized in the bulk rocks during alteration, 
but confirm that the rocks have remained a closed system with respect to REE and HFSE. The 
REE demonstrate that a combination of modest amounts of accumulation of augite, along with 
50-75% Rayleigh fractionation, account for the variation seen in flows and augites. HFSE 
anomalies for Zr and Ti correlate well when comparing augites to bulk rock data.  
LILE, especially Na and Sr, should be suspect in whole rock analyses, and where 
possible their concentrations should be estimated from augite contents and published partition 
coefficients. HFSE, especially Zr and Ti, are reliable and consistent in comparing bulk rocks to 
augites, however, we can now recognize that augites within single samples reflect large 
variations that cannot be attributed to low-pressure fractionation alone. Thus, even for the HFSE, 
the augites provide important new constraints on the petrogenesis of komatiitic basalts, including 
the common assimilation of felsic material. 
Alteration is an ever present issue in studying the petrogenesis of komatiitic material. In 
order to obtain a better understanding of these ancient rocks and subsequently, their systems, it is 
important to know the composition of the original magma. Findings from this study show the 
potential in analyzing the augites to better examine determine original magma compositions. It 
has also further identified mobile and immobile elements, which are a source of constant 
discrepancy.  
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APPENDIX A: LA-ICP-MS STANDARDS AND KD VALUES 
 
 This appendix includes standard values that were used for internal and external calibration within the LA-ICP-MS analyses 
conducted at LSU. United States Geological Survey (USGS) and National Institute of Standards & Technology (NIST) standards are 
given in Table 5 which includes observed means, calculated standard deviations and standard values. Unless otherwise indicated, all 
values are recommended values. Informational concentrations are given when results are based on analyses obtained using a single 
technique or when there is a statistical differences within data from different procedures and is noted by (*). 
 Table 6 includes distribution coefficient values for a typical clinopyroxene mineral that were used in this study. 
 
Table 5- List of reference materials used within LA-ICP-MS analysis. 
  
Icelandic Basalt, BIR-1   Basalt, Columbia River, BCR-2 
National Institute of 
Standards and Technology 
612 
  
Obs 
Mean 
SD  
Standard 
Value 
SD  
Obs 
Mean 
SD 
Standard 
Value 
SD  Standard Value 
Na (23) 12559 722 13500 300 21150 2851 23400 800  
Ti (49) 6221 333 5800 60 14165 2123 13500 300 50.1 
V (51) 318 6.88 310 11 399 39 416 14 - 
Sr (88) 109 2.08 110 2 326 46 346 14 78.4 
Y (89) 12.00 0.59 16 1 27.96 4 37 2 - 
Zr (90) 11.89 0.52 18 1 155.04 25 188 16 - 
Nb (93) 0.49 0.09 0.6*   12.07 2 -  - 
Ba (137) 6.34 0.53 7*   664.59 117 683 28 41* 
La (139) 0.54 0.04 0.63 0.07 23.17 4 25 1 36* 
Ce (140) 1.87 0.09 1.90 0.4 50.69 8.5 53 2 39* 
Pr (141) 0.34 0.02 -   6.26 1 6.8* 0.3 - 
Nd (146) 2.21 -0.19 2.50 0.7 27.17 4.5 28 2 36* 
Sm (147) 1.00 0.07 1.10   6.07 1 6.7* 0.3 39* 
Eu (153) 0.48 0.04 0.55 0.05 1.84 0.29 2 0.1 36* 
Gd (157) 1.45 0.13 1.80 0.4 5.58 0.90 6.8 0.3 39* 
Tb (159) 0.27 0.02 -   0.81 0.13 1.07* 0.04 - 
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(Table 5 continued) 
  
Icelandic Basalt, BIR-1   Basalt, Columbia River, BCR-2 
National Institute of 
Standards and Technology 
612 
  
Obs 
Mean 
SD  
Standard 
Value 
SD  
Obs 
Mean 
SD 
Standard 
Value 
SD  Standard Value 
Dy (163) 2.18 0.11 4 1 5.60 0.83 -  35* 
Ho (165) 0.47 0.04 -   1.07 0.15 1.33* 0.06 - 
Er (166) 1.35 0.12 -   3.01 0.44 -  39* 
Tm (169) 0.20 0.02 -   0.43 0.06 0.54*  - 
Yb (172) 1.40 0.12 1.70 0.1 2.93 0.41 3.5 2 42* 
Lu (175) 0.19 0.02 0.26   0.41 0.06 0.51* 0.02 - 
Hf (178) 0.45 0.02 0.60 0.08 3.96 0.65 4.8* 0.2 - 
Th (232) 0.02 0.00 - - 5.32 0.90 6.2 0.7 - 
U (238) 0.03 0.01 - - 1.59 0.29 1.69 0.19 - 
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Table 6-  
Distribution coefficient values for a clinopyroxene.  
1 All values are from Hart and Dunn (1993) unless otherwise indicated. Pr, Eu Gd and Tb are interpolated.  
2 Thompson et al. (2003) 
 
   
DCPX/L1   
Ba 0.0007 
La 0.0536 
Ce 0.0858 
Na 0.12 
Sr 0.1283 
Pr 0.14 
Nd 0.1873 
Zr 0.1234 
Hf 0.256 
Sm 0.291 
Eu 0.32 
Gd 0.4 
Ti 0.4 
Tb 0.42 
Dy  0.442 
Ho 0.44 
Y 0.467 
Er 0.387 
Tm 0.4 
Yb 0.43 
Lu 0.433 
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APPENDIX B: WHOLE ROCK ANALYSES 
 
Appendix B contains whole rock analyses for selected elements from previous studies. Mendon Formation analyses are from 
Lahaye et al., 1995. Trace elements were analyzed by ICP-MS. Weltevreden Formation analyses are from Stiegler et al., 2012 using 
ICP-MS. Note, 355-1* is from Lahaye et al., 1995. Values are given in parts per million 
 
Table 7 
Formation Mendon Frm. M4v "107"   Weltevreden Upper Pioneer Frm. 
Samples 107-1 107-3 107-6B 107-7 107-8 107-10 107-11   355-1* 355-1 355-3 355-4 355-6 355-7 
Ba 15.9 45.4 16.5 217 22.8 247 57.9 Ba 8.15 8 21 31 3 8 
La 3.63 3.81 3.67 3.44 2.58 3.59 4.11 La 0.99 1.02 2.63 2.71 0.38 0.89 
Ce 9.81 9.36 9.95 9.77 6.97 8.96 9.79 Ce 2.86 2.7 5.92 6.18 0.9 1.89 
Na 8200 35900 6400 16000 6400 15600 23900 Na 28000 29700 18000 29900 600 600 
Sr 27.3 49.3 17.1 55.1 18.1 63.2 33 Sr 18.1 19 227 24 13 7 
Pr 1.32 1.27 1.33 1.32 1.17 1.25 1.33 Pr 0.47 0.43 0.89 0.81 0.13 0.24 
Nd 6.61 6.05 6.3 6.56 6.01 5.95 6.24 Nd 2.37 2.34 4.59 3.91 0.64 1.14 
Zr 46.5 39.6 40.4 49 43.8 44.8 42.6 Zr 21.1 21 34 32 5 9 
Hf 1.12 0.95 0.99 1.15 1.05 1.07 1.07 Hf 0.55 0.64 1.03 0.92 0.15 0.28 
Sm 2.07 1.67 1.82 2.08 2.1 1.97 1.91 Sm 0.89 0.96 1.66 1.26 0.22 0.39 
Eu 0.71 0.65 0.66 0.67 0.75 0.65 0.66 Eu 0.39 0.4 0.65 0.41 0.15 0.14 
Gd 2.52 2.12 2.22 2.45 2.71 2.37 2.25 Gd 1.37 1.48 2.34 1.62 0.31 0.51 
Ti 4100 3900 3900 4600 4100 4400 4200 Ti 2600 2600 3400 2500 600 1000 
Tb 0.44 0.36 0.38 0.36 0.41 0.35 0.33 Tb 0.24 0.28 0.45 0.3 0.06 0.1 
Dy 2.68 2.26 2.39 2.56 3.03 2.54 2.45 Dy 1.78 1.92 3.04 2.04 0.4 0.67 
Ho 0.56 0.48 0.51 0.54 0.64 0.54 0.5 Ho 0.38 0.42 0.67 0.45 0.09 0.14 
Y 15.83 12.68 13.61 13.71 16.92 14.38 13.27 Y 10.35 11.16 19.56 11.83 2.48 3.89 
Er 1.16 1.33 1.41 1.5 1.85 1.57 1.38 Er 1.15 1.19 1.89 1.24 0.25 0.4 
Tm 0.23 0.18 0.2 0.2 0.24 0.21 0.19 Tm 0.18 0.18 0.27 0.18 0.04 0.06 
Yb 1.44 1.23 1.29 1.35 1.49 1.44 1.29 Yb 1.12 1.1 1.64 1.15 0.23 0.39 
Lu 0.22 0.19 0.2 0.18 0.22 0.19 0.19 Lu 0.17 0.18 0.27 0.19 0.04 0.06 
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APPENDIX C: LA-ICP-MS RESULTS AND SE 
 
Full trace element results within augites from LA-ICP-MS reduced by Iolite given in parts per million (ppm) with absolute SE.  
 
Table 8- Thin section 355-1 
  OV1-2 OV1-2 OV1-2 OV1-2 OV1-2 OV1-2 
Na  808 ± 12 846 ± 13 1735 ± 30 5040 ± 110 4316 ± 65 4339 ± 87 
Ti 1122 ± 30 909 ± 21 670 ± 20 375 ± 17 555 ± 32 471 ± 17 
V  226 ± 6 176 ± 3 182 ± 4 687 ± 11 538 ± 9 596 ± 11 
Sr  3.22 ± 0.17 4.02 ± 0.18 10.27 ± 0.45 14.05 ± 0.59 12.08 ± 0.39 14.63 ± 0.62 
Y  5.18 ±  0.22 4.37 ±  0.22 9.11 ±  0.28 12.11 ±  0.47 11.78 ±  0.41 17 ±  0.63 
Zr  2.04 ± 0.21 1.22 ± 0.15 4.49 ± 0.29 33.7 ± 1.1 34.21 ± 0.93 34.1 ± 1.5 
Ba  0 ± 1 0.44 ± 0.16 10.19 ± 0.82 16.1 ± 1.4 16.3 ± 1.3 22.1 ± 1.7 
La  0.061 ± 0.02 0.09 ± 0.02 1.27 ± 0.11 3.84 ± 0.24 3.09 ±  0.17 3.42 ± 0.29 
Ce  0.35 ± 0.05 0.32 ± 0.04 2.68 ± 0.18 8.03 ± 0.33 7.12 ± 0.29 7.34 ± 0.35 
Pr  0.09 ± 0.02 0.05 ± 0.01  0.38 ± 0.05 0.82 ± 0.07 0.75 ± 0.07 0.91 ± 0.12 
Nd  0.64 ± 0.13 0.59 ± 0.13 1.75 ± 0.23 3.57 ± 0.45 3.54 ± 0.41 3.57 ± 0.43 
Sm  0.36 ± 0.07 0.25 ± 0.06 0.50 ± 0.06 0.8 ± 0.1 0.69 ± 0.09 0.93 ± 0.16 
Eu  0.12 ± 0.03 0.09 ± 0.03 0.37 ± 0.05 0.6 ± 0.1 0.46 ± 0.07 0.51 ± 0.09 
Gd  0.51 ± 0.12 0.4 ± 0.1 0.71 ± 0.13 0.9 ± 0.2 0.7 ± 0.2 0.91 ± 0.27 
Tb 0.10 ± 0.02 0.08 ± 0.02 0.12 ± 0.02 0.14 ± 0.03 0.13 ± 0.03 0.19 ± 0.04 
Dy 1 ± 0.1 0.77 ± 0.11 1.24 ± 0.16 1.33 ± 0.2 1.46 ± 0.17 1.81 ± 0.24 
Ho  0.21 ± 0.3 0.15 ± 0.02 0.32 ± 0.04 0.40 ± 0.06 0.45 ± 0.05 0.47 ± 0.08 
Er  0.59 ± 0.09 0.48 ± 0.07 1.04 ± 0.11 1.33 ± 0.18 1.41 ± 0.13 1.89 ± 0.2 
Tm  0.10 ± 0.02 0.10 ± 0.02 0.24 ± 0.03 0.27 ± 0.04 0.38 ± 0.05 0.41 ± 0.06 
Yb  0.6 ± 0.1 0.6 ± 0.1 1.74 ± 0.19 2.8 ± 0.4 2.64 ± 0.26 4.01 ± 0.43 
Lu  0.08 ± 0.02 0.06 ± 0.01 0.26 ± 0.03 0.37 ± 0.04 0.44 ± 0.05 0.49 ± 0.06 
Hf  0.13 ± 0.03 0.07 ± 0.02 0.14 ± 0.02 1 ± 0.08 1.06 ± 0.08 1.03 ± 0.10 
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Table 8- Thin section 355-1 (Continued) 
  OV1-4 OV1-4 OV1-4 OV1-4 OV1-4 OV1-4 
Na  878 ± 17 893 ± 16 883 ± 18 4370 ± 100 4849 ± 81 9700 ± 420 
Ti 819 ± 20 1058 ± 30 849 ± 25 326 ± 20 397 ± 26 652 ± 47 
V  160 ± 3 226 ± 4 159 ± 4 677 ± 19 730 ± 17 697 ± 18 
Sr  3.73 ± 0.25 4.1 ± 0.22 3.91 ± 0.24 13.26 ± 0.76 13.22 ± 0.7 18.54 ± 0.95 
Y  3.55 ± 0.19 5.01 ±  0.25 3.94 ±  0.19 11.64 ±  0.7 12.95 ±  0.45 12.32 ±  0.66 
Zr  1.19 ± 0.16 2.78 ± 0.31 1.24 ± 0.17 23.1 ± 1.3 24.18 ± 0.91 27.1 ± 1.5 
Ba  0.34 ± 0.14 0.19 ± 0.11 0.39 ± 0.2 14.7 ± 1.9 16.8 ± 1.5 16.8 ± 1.8 
La  0.038 ± 0.016 0.143 ± 0.031 0.219 ± 0.043 3.97 ± 0.29 4.12 ±  0.3 3.71 ± 0.31 
Ce  0.35 ± 0.06 0.53 ± 0.07 0.67 ± 0.09 7.87 ± 0.53 8.49 ± 0.4 7.34 ± 0.46 
Pr  0.04 ± 0.01 0.11 ± 0.03 0.10 ± 0.03 1.06 ± 0.12 1.05 ± 0.11 0.69 ± 0.10 
Nd  0.34 ± 0.11 0.79 ± 0.16 0.54 ± 0.16 3.76 ± 0.6 3.7 ± 0.5 3.24 ± 0.56 
Sm  0.23 ± 0.05 0.41 ± 0.07 0.31 ± 0.07 0.76 ± 0.17 0.73 ± 0.13 0.69 ± 0.14 
Eu  0.08  0.03 0.13  ± 0.03 0.12 ± 0.04 0.5 ± 0.1 0.54 ± 0.12 0.52 ± 0.09 
Gd  0.57 ± 0.13 0.59 ± 0.13 0.45 ± 0.13 0.73 ± 0.26 0.84 ± 0.24 0.76 ± 0.26 
Tb 0.06 ± 0.02 0.10 ± 0.02 0.08 ± 0.02 0.14 ± 0.03 0.14 ± 0.04 0.13 ± 0.04 
Dy 0.61 ± 0.12 0.96 ± 0.14 0.88 ± 0.14 1.13 ± 0.24 1.41 ± 0.18 1.3 ± 0.2 
Ho  0.16 ± 0.03 0.22 ± 0.03 0.15 ± 0.03 0.36 ± 0.05 0.37 ± 0.06 0.384 ± 0.06 
Er  0.32 ± 0.05 0.55 ± 0.08 0.43 ± 0.08 1.43 ± 0.27 1.39 ± 0.16 1.23 ± 0.18 
Tm  0.05 ± 0.02 0.09 ± 0.02 0.10 ± 0.03 0.25 ± 0.05 0.35 ± 0.06 0.28 ± 0.06 
Yb  0.4 ± 0.1 0.7 ± 0.1 0.58 ± 0.11 2.54 ± 0.34 2.57 ± 0.3 2.75 ± 0.36 
Lu  0.07 ± 0.02 0.09 ± 0.02 0.11 ± 0.02 0.32 ± 0.05 0.40 ± 0.07 0.38 ± 0.08 
Hf  0.08 ± 0.02 0.13 ± 0.02 0.06 ± 0.02 0.7 ± 0.1 0.72 ± 0.09 0.73 ± 0.09 
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Table 8- Thin section 355-1 (Continued) 
  OV1-5 OV1-5 OV1-5 OV1-5 OV2-6 OV2-6 
Na  1125 ± 18 1831 ± 47 1038 ± 17 1681 ± 28 7640 ± 380 1181 ± 26 
Ti 2089 ± 32 1488 ± 92 1779 ± 35 1374 ± 41 1310 ± 120 792 ± 19 
V  424 ± 6 324 ± 9 370 ± 7 338 ± 6 554 ± 12 168 ± 4 
Sr  5.04 ± 0.24 9.59 ± 0.35 5.55 ± 0.27 8.64 ± 0.28 12.85 ± 0.53 5.17 ± 0.26 
Y  10.26 ±  0.28 11.56 ±  0.36 8.31 ±  0.33 13.47 ±  0.34 18.27 ±  0.68 6.17 ±  0.29 
Zr  11.87 ± 0.57 11.18 ± 0.77 5.63 ± 0.38 8.24 ± 0.4 28.1 ± 1 1.57 ± 0.16 
Ba  0.4 ± 0.12 9.89 ± 0.74 0.46 ± 0.16 7.69 ± 0.59 17.2 ± 1.4 1 ± 0.24 
La  0.242 ± 0.033 1.168 ± 0.083 0.187 ± 0.0.34 1.4 ± 0.11 2.32 ± 0.2 0.346 ± 0.049 
Ce  1.11 ± 0.09 2.98 ± 0.15 0.87 ± 0.06 3.1 ± 0.1 6.07 ± 0.31 0.86 ± 0.07 
Pr  0.21 ± 0.03 0.35 ± 0.04 0.18 ± 0.03 0.36 ± 0.04 0.80 ± 0.09 0.11 ± 0.03 
Nd  1.42 ± 0.19 1.8 ± 0.24 1.53 ± 0.24 2.12 ± 0.22 3.86 ± 0.5 0.78 ± 0.14 
Sm  0.91 ± 0.08 0.60 ± 0.07 0.78 ± 0.1 0.72 ± 0.08 0.88 ± 0.15 0.36 ± 0.07 
Eu  0.34 ± 0.05 0.35 ± 0.06 0.28 ± 0.05 0.32 ± 0.04 0.4 ± 0.08 0.19 ± 0.04 
Gd  1.5 ± 0.2 0.95 ± 0.18 1.44 ± 0.21 1.11 ± 0.19 1.15 ± 0.24 0.59 ± 0.13 
Tb 0.26 ± 0.03 0.20 ± 0.03 0.21 ± 0.03 0.2 ± 0.02 0.18 ± 0.04 0.13 ± 0.03 
Dy 2.13 ± 0.17 1.53 ± 0.18 1.59 ± 0.17 1.7 ± 0.13 1.79 ± 0.27 0.91 ± 0.12 
Ho  0.45 ± 0.04 0.42 ± 0.04 0.39 ± 0.05 0.48 ± 0.04 0.57 ± 0.06 0.22 ± 0.04 
Er  1.1 ± 0.1 1.45 ± 0.14 0.88 ± 0.09 1.78 ± 0.14 2.77 ± 0.29 0.89 ± 0.13 
Tm  0.18 ± 0.02 0.30 ± 0.04 0.15 ± 0.03 0.39 ± 0.03 0.50 ± 0.06 0.12 ± 0.03 
Yb  1.29 ± 0.17 2.8 ± 0.23 1 ± 0.2 3.79 ± 0.26 3.26 ± 0.37 0.86 ± 0.13 
Lu  0.19 ± 0.02 0.48 ± 0.04 0.14 ± 0.02 0.68 ± 0.05 0.51 ± 0.06 0.13 ± 0.03 
Hf  0.44 ± 0.04 0.39 ± 0.05 0.24 ± 0.03 0.31 ± 0.03 0.96 ± 0.09 0.09 ± 0.02 
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Table 8- Thin section 355-1 (Continued) 
  OV2-7 OV2-7 OV2-7 OV2-7 OV2-7 OV2-9 
Na  1355 ± 26 5100 ± 240 2567 ± 57 1041 ± 17 900 ± 15 1090 ± 18 
Ti 939 ± 54 984 ± 59 1870 ± 230 933 ± 24 1441 ± 32 807 ± 20 
V  196 ± 4 1385 ± 60 391 ± 7 197 ± 4 290 ± 5 183 ± 4 
Sr  7.74 ± 0.35 21.5 ± 1.4 8.26 ± 0.38 4.24 ± 0.25 3.62 ± 0.21 4.74 ± 0.24 
Y  13.29 ±  0.49 17.5 ± 1.6 17.52 ± 0.76 6.99 ± 0.29 8.47 ± 0.35 7.51 ± 0.37 
Zr  2.1 ± 0.23 39.1 ± 2.6 25.4 ± 1.2 1.62 ± 0.18 3.03 ± 0.27 2.8 ± 0.21 
Ba  6.2 ± 0.53 19.7 ± 3.4 7.15 ± 0.72 0.31 ± 0.14 0.15 ± 0.1 0.99 ± 0.24 
La  0.559 ± 0.071 1.99 ± 0.38 0.846 ± 0.08 0.107 ± 0.031 0.109 ± 0.027 0.39 ± 0.058 
Ce  1.53 ± 0.11 5.23 ± 0.57 2.24 ± 0.13 0.49 ± 0.07 0.44 ± 0.06 1.064 ± 0.076 
Pr  0.21 ± 0.04 0.58 ± 0.16 0.32 ± 0.03 0.09 ± 0.02 0.14 ± 0.03 0.15 ± 0.03 
Nd  1.02 ± 0.21 2.43 ± 0.83 1.73 ±  0.25 0.66 ± 0.15 0.87 ± 0.18 0.89 ± 0.17 
Sm  0.52 ± 0.09 0.51 ± 0.21 0.81 ± 0.09 0.36 ± 0.06 0.50 ± 0.08 0.44 ± 0.08 
Eu  0.25 ± 0.05 0.29 ± 0.16 0.30 ± 0.06 0.17 ± 0.04 0.21 ± 0.05 0.21 ± 0.04 
Gd  0.82 ± 0.17 0.5 ± 0.3 1.21 ± 0.26 0.62 ± 0.13 0.71 ± 0.14 0.74 ± 0.17 
Tb 0.18 ± 0.04 0.21 ± 0.11 0.25 ± 0.04 0.14 ± 0.03 0.19 ± 0.04 0.17 ± 0.03 
Dy 1.4 ± 0.17 1.12 ± 0.47 2.16 ± 0.21 1.05 ± 0.15 1.35 ± 0.17 1.03 ± 0.15 
Ho  0.34 ± 0.04 0.5 ± 0.2 0.48 ± 0.05 0.22 ± 0.04 0.30 ± 0.03 0.25 ± 0.04 
Er  1.81 ± 0.18 3.11 ± 0.63 2.37 ± 0.25 0.94 1.28 ± 0.19 1.13 ± 0.15 
Tm  0.32 ± 0.05 0.53 ± 0.15 0.48 ± 0.06 0.12 ± 0.03 0.14 ± 0.03 0.14 ± 0.03 
Yb  2.25 ± 0.25 3.61 ± 0.86 2.71 ± 0.26 0.61 ± 0.13 0.81 ± 0.13 1.04 ± 0.15 
Lu  0.41 ± 0.05 0.54 ± 0.12 0.53 ± 0.05 0.08 ± 0.02 0.11 ± 0.02 0.21 ± 0.03 
Hf  0.06 ± 0.02 1.3 ± 0.3 0.88 ± 0.09 0.1 ± 0.02 0.17 ± 0.03 0.09 ± 0.02 
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Table 8- Thin section 355-1 (Continued) 
  OV2-9 OV2-9 OV2-9 OV2-9 OV2-9 OV3-1 
Na  6400 ± 160 5550 ± 130 1056 ± 24 898 ± 18 1131 ± 24 841 ± 20 
Ti 357 ± 18 360 ± 20 1171 ±32 942 ±22 1498 ± 28 862 ± 22 
V  778 ± 21 827 ± 15 246 ± 5 198 ± 4 320 ± 6 173 ± 3 
Sr  16.47 ± 0.85 15.54 ± 0.91 4.84 ± 0.26 4.2 ± 0.24 4.91 ± 0.25 4.03 ± 0.25 
Y  18.8 ± 1.1 16.36 ± 0.86 8.36 ± 0.41 6.64 ± 0.31 10.02 ± 0.37 3.91 ± 0.21 
Zr  38.8 ± 1.6 36 ± 1.8 2.63 ± 0.22 1.65 ± 0.19 6 ± 0.31 1.17 ± 0.16 
Ba  15.2 ± 1.7 17.4 ± 1.8 0.58 ± 0.18 0.13 ±0.09 0.39 ± 0.16 0.05 ± 0.01 
La  4.3 ± 0.38 3.49 ± 0.32 0.15 ± 0.03 0.061 ± 0.021 0.134 ± 0.031 0.061 ± 0.022 
Ce  9.04 ± 0.64 8.12 ± 0.48 0.57 ± 0.07 0.40 ± 0.06 0.58 ± 0.07 0.29 ± 0.06 
Pr  1.07 ± 0.13 0.86 ± 0.13 0.12 ± 0.03 0.07 ± 0.02 0.11 ±  0.02 0.04 ± 0.02 
Nd  3.83 ± 0.72 3.24 ± 0.65 0.75 ± 0.19 0.63 ± 0.17 1.01 ± 0.15 0.46 ±0.13 
Sm  0.94 ± 0.18 0.86 ± 0.16 0.55 ± 0.1 0.35 ± 0.07 0.59 ± 0.09 0.29 ± 0.07 
Eu  0.73 ± 0.12 0.43 ± 0.1 0.18 ± 0.04 0.144 ± 0.04 0.20 ± 0.04 0.10 ± 0.03 
Gd  0.91 ± 0.29 0.68 ± 0.24 0.66 ± 0.16 0.71 ± 0.18 1.03 ± 0.18 0.53 ± 0.13 
Tb 0.2 ± 0.06 0.09 ± 0.04 0.19 ± 0.03 0.18 ± 0.03 0.22 ± 0.04 0.10 ± 0.02 
Dy 1.94 ± 0.37 1.27 ± 0.3 1.16 ± 0.14 1.03 ± 0.16 1.74 ± 0.18 0.62 ± 0.11 
Ho  0.42 ± 0.07 0.33 ± 0.08 0.31 ± 0.05 0.23 ± 0.04 0.36 ± 0.04 0.15 ± 0.03 
Er  2.79 ± 0.46 2.45 ± 0.38 1.12 ± 0.16 0.8 ± 0.12 1.37 ± 0.17 0.49 ± 0.09 
Tm  0.52 ± 0.10 0.43 ± 0.08 0.17 ± 0.04 0.10 ± 0.03 0.18 ± 0.03 0.04 ± 0.02 
Yb  2.78 ± 0.39 2.84 ± 0.39 0.86 ± 0.17 0.65 ± 0.11 0.99 ± 0.13 0.46 ± 0.01 
Lu  0.44 ± 0.08 0.41 ± 0.09 0.10 ± 0.03 0.10 ± 0.02 0.16 ± 0.03 0.05 ± 0.02 
Hf  1.28 ± 0.14 1.16 ± 0.14 0.14 ± 0.03 0.11 ± 0.02 0.27 ± 0.04 0.06 ± 0.02 
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Table 8- Thin section 355-1 (Continued) 
  OV3-1 OV3-1 OV3-1 OV3-1 OV3-3 OV3-3 
Na  779 ± 20 3975 ± 78 907 ± 18 818 ± 15 848 ± 15 52000 ± 3500 
Ti 952 ± 24 333 ± 16 841 ± 24 830 ± 22 1129 ± 31 2310 ± 400 
V  192 ± 4 709 ± 16 166 ± 4 165 ± 4 251 ± 4 951 ± 33 
Sr  4.03 ± 0.26 12.68 ± 0.68 4.79 ± 0.35 4.29 ± 0.37 4.57 ± 0.3 34.9 ± 1.6 
Y  4.13 ± 0.26 10.07 ± 0.45 5.09 ± 0.23 4.63 ± 0.26 6.13 ± 0.24 13.3 ± 1 
Zr  2.27 ± 0.25 28.1 ± 1.4 1.28 ± 0.22 1.24 ± 0.19 2.95 ± 0.23 31.4 ± 1.8 
Ba  0 ± 1 12.2 ± 1.2 1.43 ± 0.36 1.46 ± 0.38 0.39 ± 0.15 22 ± 2.6 
La  0.056 ± 0.024 3.27 ± 0.24 0.41 ± 0.06 0.23 ± 0.05 0.15 ± 0.04 2.88 ± 0.28 
Ce  0.32 ± 0.06 6.31 ± 0.32 0.93 ± 0.09 0.76 ± 0.09 0.52 ± 0.08 6.41 ± 0.61 
Pr  0.05 ± 0.02 0.72 ± 0.11 0.11 ± 0.03 0.12 ± 0.03 0.12 ± 0.03 0.73 ± 0.13 
Nd  0.61 ± 0.16 2.94 ± 0.46 0.86 ± 0.2 0.78 ±0.19 0.89 ± 0.21 4.44 ± 0.96 
Sm  0.29 ± 0.08 0.62 ± 0.12 0.38 ± 0.08 0.284 ± 0.07 0.52 ± 0.09 1 ± 0.22 
Eu  0.12 ± 0.04 0.5 ± 0.1 0.15 ± 0.04 0.12 ± 0.04 0.21 ± 0.05 0.7 ± 0.2 
Gd  0.56 ± 0.17 0.58 ± 0.21 0.44 ± 0.15 0.58 ± 0.13 1 ± 0.2 0.73 ± 0.32 
Tb 0.08 ± 0.02 0.13 ± 0.03 0.08 ± 0.02 0.08 ±0.02 0.12 ± 0.02 0.19 ± 0.05 
Dy 0.92 ± 0.15 1.34 ± 0.22 0.69 ± 0.12 0.81 ± 0.16 1.08 ± 0.16 1.45 ± 0.37 
Ho  0.21 ± 0.04 0.30 ± 0.06 0.20 ± 0.03 0.17 ± 0.03 0.24 ± 0.04 0.41 ± 0.11 
Er  0.45 ± 0.08 1.14 ± 0.17 0.52 ± 0.11 0.52 ± 0.1 0.61 ± 0.09 1.93 ± 0.36 
Tm  0.06 ± 0.02 0.23 ± 0.04 0.09 ± 0.02 0.07 ± 0.02 0.08 ± 0.02 0.27 ± 0.06 
Yb  0.72 ± 0.12 2.3 ± 0.3 1.2 ± 0.2 0.69 ± 0.12 0.73 ± 0.15 2.19 ± 0.46 
Lu  0.08 ± 0.02 0.36 ± 0.06 0.20 ± 0.04 0.09 ± 0.02 0.10 ± 0.02 0.5 ± 0.1 
Hf  0.11 ± 0.03 0.84 ± 0.11 0.06 ± 0.02 0.05 ± 0.02 0.12 ± 0.02 1.16 ± 0.15 
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Table 8- Thin section 355-1 (Continued) 
  OV3-3 OV3-3 OV3-3 OV3-5 OV3-5 OV3-5 
Na  6090 ± 160 867 ± 17 1269 ± 34 871 ± 19 952 ± 32 766 ± 20 
Ti 419 ± 31 1539 ± 36 957 ± 35 812 ± 23 794 ± 24 1320 ± 24 
V  1266 ± 30 308 ± 7 240 ± 7 163 ± 3 180 ± 5 280 ± 5 
Sr  19.7 ± 1.1 4.2 ± 0.25 5.96 ± 0.31 4.02 ± 0.26 5.27 ± 0.34  5.4 ±  0.32 
Y  10.51 ± 0.61 6.66 ± 0.25 6.32 ± 0.27 3.93 ± 0.26 6.39 ± 0.43 5.9 ± 0.26 
Zr  26.4 ± 1.8 3.95 ± 0.3 4.58 ± 0.32 1.31 ± 0.17 2.14 ± 0.24 3.03 ± 0.31 
Ba  15.6 ± 1.9 0.62 ± 0.22 2.96 ± 0.61 1.09 ± 0.29 2.67 ± 0.53 1.11 ± 0.35 
La  3.19 ± 0.34 0.13 ± 0.03 0.57 ± 0.08 0.12 ± 0.04 0.5 ± 0.1 0.09 ± 0.03 
Ce  6.28 ± 0.47 0.56 ± 0.06 1.36 ± 0.14 0.46 ± 0.07 1.44 ± 0.24 0.48 ± 0.06 
Pr  0.65 ± 0.12 0.09 ± 0.03 0.23 ± 0.04 0.079 ± 0.02 0.23 ± 0.04 0.08 ± 0.02 
Nd  3.15 ± 0.67 0.87 ± 0.17 1.13 ± 0.25 0.36 ± 0.13 0.9 ± 0.19 1.01 ± 0.19 
Sm  0.69 ± 0.18 0.54 ± 0.1 0.40 ± 0.08 0.37 ± 0.08 0.44 ± 0.08 0.55 ± 0.09 
Eu  0.42 ± 0.14 0.27 ± 0.06 0.21 ± 0.06 0.10 ± 0.04 0.18 ± 0.04 0.27 ± 0.04 
Gd  0.63 ± 0.28 0.95 ± 0.21 0.7 ± 0.2 0.59 ± 0.18 0.6 ± 0.1 0.85 ± 0.17 
Tb 0.09 ± 0.04 0.14 ± 0.02 0.10 ± 0.02 0.07 ± 0.02 0.08 ± 0.02 0.13 ± 0.02 
Dy 0.73 ± 0.2 1.23 ± 0.17 0.87 ± 0.15 0.6 ± 0.1 0.95 ± 0.15 0.97 ± 0.14 
Ho  0.39 ± 0.09 0.34 ± 0.04 0.25 ± 0.04 0.17 ± 0.03 0.26 ± 0.05 0.23 ± 0.04 
Er  1.44 ± 0.3 0.7 ± 0.1 0.76 ± 0.11 0.51 ± 0.09 0.88 ± 0.14 0.65 ± 0.10 
Tm  0.22 ± 0.05 0.10 ± 0.02 0.14 ± 0.03 0.07 ± 0.02 0.13 ± 0.03 0.09 ± 0.02 
Yb  2.28 ± 0.35 0.9 ± 0.15 1.29 ± 0.16 0.65 ± 0.14 1.42 ± 0.21 0.69 ± 0.13 
Lu  0.35 ± 0.08 0.11 ± 0.02 0.20 ± 0.03 0.08 ± 0.02 0.18 ± 0.03 0.12 ± 0.02 
Hf  0.86 ± 0.13 0.20 ± 0.03 0.15 ± 0.3 0.06 ± 0.02 0.08 ± 0.02 0.15 ± 0.03 
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Table 8- Thin section 355-1 (Continued) 
  OV3-5 OV3-5 OV3-5 OV3-5 OV3-5 OV3-5 OV3-5 
Na  652 ± 12 1607 ± 37 1527 ± 39 967 ± 22 4700 ± 150 5630 ± 670 4454 ± 96 
Ti 870 ± 25 570 ± 27 437 ± 22 870 ± 23 383 ± 16 640 ± 120 389 ± 20 
V  178 ± 4 216 ± 5 263 ± 6 224 ± 4 878 ± 22 745 ± 15 931 ± 18 
Sr  3.77 ±  0.21 8.17 ±  0.35 8.31 ±  0.35 5.26 ±  0.29 15.17 ±  0.71 15.29 ±  0.72 15.53 ±  0.68 
Y  3.49 ± 0.21 13.12 ± 0.48 11.37 ± 0.45 6.12 ± 0.28 12.1 ± 0.55 13.22 ± 0.57 11.75 ± 0.58 
Zr  1.78 ± 0.19 3.43 ± 0.26 6.98 ± 0.38 3.77 ± 0.34 33.7 ± 1.4 37.9 ± 1.4 35.6 ± 1.5 
Ba  0.09 ± 0.07 7.23 ± 0.66 8.33 ± 0.71 2.8 ± 0.46 18.5 ± 1.9 17.9 ± 1.5 19 ± 1.8 
La  0.08 ± 0.02 3.25 ± 0.38 1.12 ± 0.10 0.53 ± 0.07 3.93 ± 0.28 4.09 ± 0.25 3.85 ± 0.27 
Ce  0.29 ± 0.06 6.3 ± 0.7 2.2 ± 0.1 1.31 ± 0.14 7.6 ± 0.5 8 ± 0.4 7.42 ± 0.44 
Pr  0.05 ± 0.02 0.68 ± 0.08 0.32 ± 0.04 0.19 ± 0.04 0.78 ± 0.11 1.01 ± 0.11 0.73 ± 0.09 
Nd  0.5 ± 0.14 3.14 ± 0.37 1.63 ± 0.22 1.05 ± 0.2 3.74 ± 0.49 4.13 ± 0.55 3.67 ± 0.61 
Sm  0.33 ± 0.06 0.87 ± 0.11 0.47 ± 0.07 0.49 ± 0.09 0.7 ± 0.1 0.9 ± 0.2 0.8 ± 0.2 
Eu  0.14 ± 0.04 0.43 ± 0.07 0.22 ± 0.04 0.17 ± 0.04 0.65 ± 0.12 0.65 ± 0.09 0.5 ± 0.1 
Gd  0.55 ± 0.14 1.21 ± 0.12 0.69 ± 0.16 0.58 ± 0.13 0.47 ± 0.19 0.78 ± 0.22 0.97 ± 0.27 
Tb 0.07 ± 0.02 0.17 ± 0.03 0.16 ± 0.02 0.09 ± 0.02 0.13 ± 0.04 0.13 ± 0.03 0.12 ± 0.03 
Dy 0.74 ± 0.14 1.43 ± 0.18 1.36 ± 0.15 0.94 ± 0.13 1.11 ± 0.2 1.25 ± 0.2 1.14 ± 0.23 
Ho  0.17 ± 0.03 0.45 ± 0.06 0.39 ± 0.04 0.21 ± 0.03 0.36 ± 0.07 0.42 ± 0.06 0.33 ± 0.07 
Er  0.42 ± 0.07 1.78 ± 0.15 1.65 ± 0.16 0.7 ± 0.1 1.43 ± 0.22 1.74 ± 0.23 1.75 ± 0.25 
Tm  0.06 ± 0.02 0.25 ± 0.03 0.26 ± 0.03 0.10 ± 0.02 0.36 ± 0.05 0.29 ± 0.05 0.34 ± 0.06 
Yb  0.39 ± 0.09 3.19 ± 0.31 2.67 ± 0.24 1.11 ± 0.16 2.9 ± 0.43 3.22 ± 0.47 2.63 ± 0.41 
Lu  0.06 ± 0.02 0.49 ± 0.04 0.50 ± 0.05 0.16 ± 0.03 0.40 ± 0.06 0.43 ± 0.06 0.34 ± 0.06 
Hf  0.06 ± 0.02 0.11 ± 0.02 0.16 ± 0.02 0.10 ± 0.02 0.91 ± 0.09 1.05 ± 0.1 1.07 ± 0.12 
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Table 9-Thin section 355-4 
  OV2-1 OV2-1 OV2-1 OV2-1 OV2-1 OV2-2 
Na  333 ± 6 805 ± 50 971 ± 29 330 ± 7 367 ± 11 8400 ± 1100 
Ti 392 ± 10 250 ± 13 464 ± 40 270 ± 7 514 ± 13 880 ± 230 
V  85 ± 2 77 ± 2 96 ± 2 61 ± 1 109 ± 2 1800 ± 330 
Sr  1.67 ± 0.10 2.92 ± 0.14 2.79 ± 0.14 1.78 ± 0.10 1.58 ± 0.10 18.3 ± 4 
Y  2.79 ± 0.12 4.01 ± 0.24 5.58 ± 0.22 2.03 ± 0.11 3.31 ± 0.15 10.6 ± 3.2 
Zr  1.1 ± 0.1 1.49 ± 0.15 4.52 ± 0.22 0.48 ± 0.06 1.58 ± 0.11 26.8 ± 4.8 
Ba  0.33 ± 0.11 4.02 ± 0.45 4.59 ± 0.4 0.27 ± 0.09 0.16 ± 0.07 12.4 ± 6.4 
La  0.18 ± 0.03 0.76 ± 0.06 0.67 ± 0.05 0.14 ± 0.02 0.15 ± 0.03 0.19 ± 0.09 
Ce  0.50 ± 0.04 1.36 ± 0.09 1.42 ± 0.08 0.45 ± 0.04 0.50 ± 0.05 1.64 ± 0.71 
Pr  0.07 ± 0.02 0.65 ± 0.2 0.17 ± 0.02 0.04 ± 0.01 0.08 ± 0.01 0.24 ± 0.32 
Nd  0.43 ± 0.10 0.73 ± 0.10 0.9 ± 0.1 0.40 ± 0.07 0.6 ± 0.1 1.7 ± 1.7 
Sm  0.18 ± 0.04 0.17 ± 0.03 0.34 ± 0.05 0.13 ± 0.03 0.25 ± 0.04 0.85 ± 0.75 
Eu  0.08 ± 0.02 0.14 ± 0.02 0.15 ± 0.03 0.06 ± 0.02 0.09 ± 0.02 0.19 ± 0.38 
Gd  0.39 ± 0.07 0.33 ± 0.07 0.42 ± 0.09 0.15 ± 0.05 0.33 ± 0.07 1.9 ± 1.9 
Tb 0.07 ± 0.01 0.06 ± 0.01 0.10 ± 0.02 0.04 ± 0.01 0.09 ± 0.02 0 ± 1 
Dy 0.49 ± 0.08 0.47 ± 0.08 0.89 ± 0.09 0.38 ± 0.06 0.53 ± 0.08 1 ± 0.1 
Ho  0.10 ± 0.02 0.14 ± 0.02 0.16 ± 0.02 0.07 ± 0.02 0.14 ± 0.02 0.31 ± 0.30 
Er  0.33 ± 0.05 0.45 ± 0.06 0.69 ± 0.08 0.20 ± 0.04 0.40 ± 0.06 0.38 ± 0.06 
Tm  0.06 ± 0.01 0.07 ± 0.02 0.09 ± 0.01 0.04 ± 0.01 0.06 ± 0.01 0.05 ± 0.1 
Yb  0.34 ± 0.06 0.58 ± 0.06 0.69 ± 0.09 0.32 ± 0.06 0.44 ± 0.07 1.4 ± 0.9 
Lu  0.06 ± 0.01 0.07 ± 0.01 0.10 ± 0.02 0.04 ± 0.01 0.05 ± 0.01 0.06 ± 0.03 
Hf  0.07 ± 0.01 0.04 ± 0.01 0.16 ± 0.02 0.03 ± 0.01 0.078 ± 0.013 1.2 ± 0.8 
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Table 9-Thin section 355-4 (Continued) 
  OV2-2 OV2-2 OV2-3 OV2-3   OV3-1 
Na  6740 ± 700 2721 ± 56 2565 ± 85 7120 ± 420 3260 ± 120 2990 ± 130 
Ti 546 ± 73 150 ± 10 159 ± 10 1680 ± 420 271 ± 22 138 ±7 
V  2220 ± 210 236 ± 6 477 ± 18 1780 ± 200 775 ± 38 271 ± 6 
Sr  9 ± 3 3.33 ± 0.25 4.19 ± 0.35 9 ± 2 4.12 ± 0.356 3.28 ± 0.32 
Y  30.7 ± 4.3 6.49 ± 0.33 7.04 ± 0.4 12.8 ± 1.6 7.82 ± 0.52 5.03 ± 0.28 
Zr  33.3 ± 6.4 28.9 ± 1.2 22.2 ± 1.2 37.5 ± 4.1 17 ± 1.2 18.4 ± 0.8 
Ba  10.1 ± 6.9 3.19 ± 0.61 3.53 ± 0.75 10.2 ± 3.3 3.12 ± 0.92 3.58 ± 0.59 
La  1.78 ± 0.97 0.11 ± 0.03 0.14 ± 0.04 0.17 ± 0.11 0.12 ± 0.06 0.28 ± 0.07 
Ce  9.6 ± 2.3 0.71 ± 0.08 0.93 ± 0.14 1.34 ± 0.35 0.85 ± 0.15 0.88 ± 0.14 
Pr  1.2 ± 0.6 0.17 ± 0.04 0.15 ± 0.04 0.23 ± 0.13 0.12 ± 0.05 0.20 ± 0.04 
Nd  7.3 ± 3.4 1.28 ± 0.24 0.97 ± 0.25 1.42 ± 0.86 0.8 ± 0.3 0.92 ± 0.23 
Sm  3.5 ± 1.7 0.33 ± 0.08 0.49 ± 0.13 0.63 ± 0.31 0.47 ± 0.14 0.37 ± 0.09 
Eu  1.38 ± 0.96 0.19 ± 0.04 0.22 ± 0.06 0.37 ± 0.23 0.26 ± 0.09 0.14 ± 0.04 
Gd  7.1 ± 3.3 0.36 ± 0.13 0.68 ± 0.22 0.42 ± 0.38 0.59 ± 0.3 0.32 ± 0.12 
Tb 0.55  ± 0.53 0.08 ± 0.02 0.09 ± 0.03 0.4 ± 0.2 0.08 ± 0.04 0.07 ± 0.02 
Dy 2.8 ± 1.9 0.73 ± 0.15 0.97 ± 0.21 1.39 ± 0.63 0.85 ± 0.24 0.61 ± 0.15 
Ho  0.93 ± 0.50 0.21 ± 0.04 0.22 ± 0.05 0.27 ± 0.13 0.24 ± 0.07 0.17 ± 0.04 
Er  2.7 ± 1 0.84 ± 0.16  0.96 ± 0.2 0.95 ± 0.47 0.82 ± 0.22 0.65 ± 0.12 
Tm  0.27 ± 0.20 0.13 ± 0.03 0.13 ± 0.04 0.2 ± 0.1 0.09 ± 0.04 0.13 ± 0.03 
Yb  3.8 ± 2.7 0.78 ± 0.16 0.92 ± 0.21 1.6 ± 0.8 0.68 ± 0.22 0.65 ± 0.13 
Lu  0.36 ± 0.27 0.16 ± 0.03 0.13 ± 0.03 0.19 ± 0.11 0.13 ± 0.05 0.14 ± 0.03 
Hf  0.62 ± 0.43 0.84 ± 0.08 0.69 ± 0.09 1.1 ± 0.23 0.57 ± 0.09 0.57 ± 0.07 
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Table 9-Thin section 355-4 (Continued) 
  OV3-1 OV3-1 OV3-2 OV3-2 OV3-2 OV3-2 
Na  3840 ± 160 3780 ± 230 3460 ± 260 5700 ± 1700 2790 ± 100 2724 ± 46 
Ti 223 ± 18 172 ± 13 216 ± 22 273 ± 77 139 ± 9 132 ± 7 
V  645 ± 15 522 ± 14 720 ± 25 2340 ± 480 271 ± 14 218 ± 5 
Sr  6.1 ± 0.64 5.44 ± 0.66 5.55 ± 0.93 18.2 ± 8.2 4.58 ± 0.29 4.26 ± 0.27 
Y  7.86 ± 0.56 6.82 ± 0.44 5.69 ± 0.62 5.7 ± 2.2 7.26 ± 0.34 8.4 ± 0.33 
Zr  28.2 ± 1.4 17.7 ± 1.1 14.1 ± 1.2 17 ± 6 28.7 ± 1.1 32 ± 1 
Ba  6.6 ± 1.4 5.1 ± 1.1 4.7 ± 1.2 17.5 ± 8.4 4.3 ± 0.62 4.41 ± 0.61 
La  0.17 ± 0.07 0.14 ± 0.06 0.18 ± 0.09 0 ± 1 0.2 ± 0.04 0.26 ± 0.05 
Ce  0.87 ± 0.15 0.92 ± 0.14 1.02 ±0.16 0.21 ± 0.04 0.91 ± 0.1 0.96 ± 0.1 
Pr  0.22 ± 0.06 0.17 ± 0.06 0.18 ± 0.07 0 ± 1 0.16 ± 0.04 0.20 ± 0.04 
Nd  1.05 ± 0.37 1.25 ± 0.35 0.87 ± 0.32 0.8 ± 1.7 0.86 ± 0.21 1.15 ± 0.2 
Sm  0.49 ± 0.15 0.39 ± 0.12 0.25 ± 0.11 NA 0.31 ± 0.08 0.46 ± 0.08 
Eu  0.23 ± 0.08 0.25 ± 0.10 0.22 ± 0.10 0 ± 1 0.18 ± 0.05 0.23 ± 0.05 
Gd  0.5 ± 0.2 0.4 ± 0.2 0.08 ± 0.01 0 ± 1 0.48 ± 0.13 0.5 ± 0.1 
Tb 0.07 ± 0.04 0.09 ± 0.03 0.04 ± 0.03 0 ± 1 0.09 ±0.03 0.11 ± 0.03 
Dy 1.21 ± 0.32 0.72 ± 0.24 0.67 ± 0.26 0.6 ± 1.3 1.05 ± 0.17 0.89 ± 0.17 
Ho  0.26 ± 0.08 0.22 ± 0.05 0.15 ± 0.06 0.57 ± 0.48 0.22 ± 0.04 0.25 ± 0.04 
Er  1.1 ± 0.21 0.51 ± 0.14 0.78 ± 0.2 0 ± 1 0.93 ± 0.13 0.86 ± 0.11 
Tm  0.14 ± 0.05 0.12 ± 0.05 0.11 ± 0.05 1 ± 0.02 0.16 ± 0.03 0.19 ± 0.03 
Yb  0.92 ± 0.27 0.92 ± 0.23 0.69 ± 0.26 1.7 ± 0.9 1.26 ± 0.18 1.34 ± 0.2 
Lu  0.17 ± 0.05 0.13 ± 0.04 0.10 ± 0.04 0.24 ± 0.03 0.19 ± 0.03 0.21 ± 0.03 
Hf  0.85 ± 0.12 0.56 ± 0.1 0.39 ± 0.09 0.69 ± 0.45 0.91 ± 0.09 0.93 ± 0.08 
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Table 9-Thin section 355-4 (Continued) 
  OV3-3 OV3-3 OV3-3 OV3-3 
Na  3660 ± 120 2844 ± 79 3570 ± 100 2470 ± 62 
Ti 1880 ± 170 670 ± 130 207 ± 18 134 ± 9 
V  218 ± 6 455 ± 18 630 ± 43 391 ± 9 
Sr  15 ± 1  8.4  ± 1.1 5.42 ± 0.49 4.59 ± 0.31 
Y  9.9 ± 0.43 21.2 ± 2.6 8.17 ± 0.59 6.42 ± 0.369 
Zr  36.9 ± 1.8 490 ± 140 21.6 ± 1.6 19.2 ± 0.1 
Ba  8.4 ± 1.2 4.28 ± 0.83 5.1 ± 1.1 2.49 ± 0.66 
La  0.73 ± 0.11 0.22 ± 0.08 0.21 ± 0.08 0.20 ± 0.06  
Ce  2.59 ± 0.27 1.17 ± 0.18 0.98 ± 0.18 0.67 ± 0.1 
Pr  0.50 ± 0.06 0.21 ± 0.05 0.17 ± 0.06 0.12 ± 0.05 
Nd  2.8 ± 0.4 1.22 ± 0.34 0.82 ± 0.32 0.82 ± 0.25 
Sm  0.84 ± 0.14 0.47 ± 0.13 0.25 ± 0.11 0.26 ± 0.09 
Eu  0.35 ± 0.07 0.24 ± 0.08 0.42 ± 0.13 0.20 ± 0.06 
Gd  1.05 ± 0.22 0.71 ± 0.25 0.5 ± 0.3 0.26 ± 0.13 
Tb 0.18 ± 0.04 0.21 ± 0.06 0.03 ± 0.02 0.07 ± 0.02 
Dy 1.76 ± 0.24 2.35 ± 0.55 1.0 ± 0.4 0.87 ± 0.22 
Ho  0.34 ± 0.05 0.69 ± 0.14 0.23 ± 0.06 0.18 ± 0.05 
Er  1.12 ± 0.13 3.68 ± 0.79 0.88 ± 0.25 0.86 ± 0.18 
Tm  0.25 ± 0.04 0.8 ± 0.2 0.15 ± 0.05 0.16 ± 0.04 
Yb  1.46 ± 0.18 4.6 ± 1.1 0.96 ± 0.26 1.08 ± 0.26 
Lu  0.23 ± 0.04 0.8 ± 0.2 0.17 ± 0.05 0.15 ± 0.04 
Hf  1.13 ± 0.09 6.9 ± 1.5 0.64 ± 0.12 0.65 ± 0.1 
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Table 10-Thin section 107-52  
  OV1-1 OV1-1 OV1-1 OV1-1 OV1-1 OV1-2 
Na  3080 ± 140 1586 ± 26 3328 ± 86 943 ± 22 586 ± 11 1632 ± 34 
Ti 616 ± 46 548 ± 15 630 ± 20 507 ± 11 623 ± 14 426 ± 12 
V  259 ± 5 242 ± 7 377 ± 8 148 ± 3 109 ± 2 230 ± 7 
Sr  13.4 ± 0.5 10.6 ± 0.4 14.0 ± 0.4 5.62 ± 0.21 5.22 ± 0.21 8.28 ± 0.28 
Y  17.97 ± 0.63  13.2 ± 0.41 22.76 ± 0.79 5.86 ± 0.26 3.86 ± 0.13 10.41 ± 0.46 
Zr  47.4 ± 1.4 14.14 ± 0.63 24.34 ± 0.94 7.3 ± 0.4 3.72 ± 0.24 22.79 ± 0.88 
Ba  10.89 ± 0.71 39.7 ± 5.1 25.9 ± 1.8 5.47 ± 4.2 25.3 ± 3.7 37.4 ± 2.2 
La  5.66 ± 0.19 4.01 ± 0.18 5.96 ± 0.24 0.79 ± 0.8 0.37 ± 0.04 2.46 ± 0.22 
Ce  9.31 ± 0.31 6.5 ± 0.3 9.6 ± 0.3 1.64 ± 0.12 0.82 ± 0.06 4.47 ± 0.42 
Pr  0.97 ± 0.07 0.72 ± 0.06 1.05 ± 0.07 0.20 ± 0.03 0.14 ± 0.02 0.58 ± 0.06 
Nd  4.72 ± 0.31 3.34 ± 0.26 5.17 ± 0.32 1.21 ± 0.12 0.89 ± 0.13 2.39 ± 0.29 
Sm  1.24 ± 0.11 0.89 ± 0.07 1.32 ± 0.09 0.39 ± 0.05 0.40 ± 0.05 0.67 ± 0.08 
Eu  0.77 ± 0.07 0.57 ±0.06 0.74 ± 0.06 0.19 ± 0.04 0.15 ± 0.03 0.36 ± 0.05 
Gd  1.53 ± 0.2 1.18 ± 0.15 1.79 ± 0.21 0.66 ± 0.1 0.52 ± 0.1 0.9 ± 0.01 
Tb 0.3 ± 0.03 0.24 ± 0.03 0.36 ± 0.03 0.11 ± 0.02 0.09 ± 0.01 0.19 ± 0.02 
Dy 2.57 ± 0.22 1.81 ± 0.16 3.11 ± 0.19 0.80 ± 0.09 0.65 ± 0.08 1.33 ± 0.15 
Ho  0.64 ± 0.05 0.49 ± 0.05 0.68 ± 0.04 0.19 ± 0.02 0.17 ± 0.01 0.42 ± 0.04 
Er  2.31 ± 0.16 1.63 ± 0.13 2.82 ± 0.19 0.75 ± 0.09 0.38 ± 0.05 1.36 ± 0.1 
Tm  0.38 ± 0.04 0.29 ± 0.02 0.51 ± 0.03 0.10 ± 0.02 0.05 ± 0.01 0.26 ± 0.02 
Yb  2.73 ± 0.26 2.4 ± 0.2 3.94 ± 0.2 1.08 ± 0.14 0.44 ± 0.07 2.14 ± 0.09 
Lu  0.38 ± 0.03 0.38 ± 0.04 0.61 ± 0.04 0.16 ± 0.01 0.054 ± 0.01 0.36 ± 0.03 
Hf  1.27 ± 0.07 0.51 ± 0.04 0.77 ± 0.05 0.22 ± 0.02 0.15 ± 0.02 0.64 ± 0.05 
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Table 10-Thin section 107-52 (Continued) 
  OV1-2 OV1-2 OV1-2 OV1-2 OV1-2 OV2-1 
Na  2095 ± 77 1745 ± 45 3150 ± 140 973 ± 21 1031 ± 21 800 ± 17 
Ti 595 ± 14 532 ± 19 938 ± 37 506 ± 14 559 ± 15 631 ± 15 
V  226 ± 5 290 ± 10 309 ± 10 151 ± 4 159 ± 3 166 ± 4 
Sr  12.07 ± 0.34 8.47 ± 0.29 12.73 ± 0.46 10.0 ± 0.3 8.19 ± 0.27 6.71 ± 0.26 
Y  13.81 ± 0.52 11.71 ± 0.34 18.47  ± 0.65 10.86 ± 0.31 9.46 ± 0.36 7.06 ± 0.28 
Zr  15.18 ± 0.81 9.07 ± 0.45 12.45 ± 0.54 14.6 ± 0.62 19.66 ± 0.78 15.42 ± 0.81 
Ba  11.09 ± 0.72 12 ± 0.87 14.6 ± 1.1 4.85 ± 0.49 5.97 ± 0.48 15.3 ± 1.1 
La  4.31 ± 0.22 2.34 ± 0.13 5.13 ± 0.27 3.98 ± 0.19 3.03 ± 0.16 1.39 ± 0.08 
Ce  7.0 ± 0.3 4.36 ± 0.21 8.78 ± 0.43 6.62 ± 0.23 5.34 ± 0.27 2.61 ± 0.12 
Pr  0.81 ± 0.06 0.51 ± 0.05 1.01 ± 0.08 0.73 ±0.05 0.57 ± 0.05 0.30 ± 0.02 
Nd  3.68 ± 0.28 2.19 ± 0.19 4.58 ± 0.33 3.12 ± 0.27 2.79 ± 0.24 1.63 ± 0.16 
Sm  1.02 ± 0.09 0.66 ± 0.08 1.3 ± 0.1 0.91 ± 0.09 0.72 ± 0.07 0.5 ± 0.05 
Eu  0.60 ± 0.07 0.38 ± 0.05 0.77 ± 0.07 0.49 ± 0.05 0.44 ± 0.05 0.23 ± 0.03 
Gd  1.16 ± 0.16 0.89 ± 0.14 2.02 ± 0.16 1.17 ± 0.14 0.86 ± 0.12 0.58 ± 0.05 
Tb 0.25 ± 0.03 0.18 ± 0.02 0.40 ± 0.03 0.21 ± 0.03 0.18 ± 0.03 0.13 ± 0.02 
Dy 2.14 ± 0.18 1.52 ± 0.11 2.46 ± 0.18 1.69 ± 0.17 1.63 ± 0.19 1.04 ± 0.09 
Ho  0.52 ± 0.04 0.39 ± 0.04 0.62 ± 0.05 0.42 ± 0.03 0.35 ± 0.04 0.25 ± 0.02 
Er  1.57 ± 0.11 1.61 ± 0.13 2.34 ± 0.19 1.35 ± 0.11 1.18 ± 0.08 0.89 ± 0.09 
Tm  0.27 ± 0.02 0.32 ± 0.03 0.40 ± 0.03 0.22 ± 0.02 0.18 ± 0.02 0.16 ± 0.01 
Yb  2.05 ± 0.17 2.94 ± 0.27 2.95 ± 0.24 1.53 ± 0.15 1.23 ± 0.13 1.15 ± 0.09 
Lu  0.30 ± 0.03 0.54 ± 0.04 0.48 ± 0.04 0.19 ± 0.02 0.17 ± 0.02 0.24 ± 0.02 
Hf  0.46 ± 0.04 0.26 ± 0.02 0.42 ± 0.03 0.47 ± 0.03 0.62 ± 0.05 0.43 ± 0.03 
 
  
 89 
Table 10-Thin section 107-52 (Continued) 
  OV2-1 OV2-1 OV2-1 OV2-1 OV2-2 OV2-2 
Na  965 ± 48 3550 ± 140 3250 ± 180 1020 ± 53 783 ± 16 439 ± 10 
Ti 678 ± 16 848 ± 23 784 ± 19 738 ± 21 737 ± 18 769 ± 16 
V  198 ± 8 451 ± 8 412 ± 10 233 ± 12 211 ± 7 114 ± 3 
Sr  9.92 ± 0.32 14.23 ± 0.42 12.7 ± 0.38 10.4 ± 0.4 8.9 ± 0.3 5.2 ± 0.3 
Y  13.53 ± 0.55 26.2 ± 1.1 24.1 ± 1.2 12.33 ± 0.79 10.2 ± 0.3 4.55 ± 0.21 
Zr  51.4 ± 3.2 32 ± 0.8 24.8 ± 1.1 18.7 ± 1.2 19 ± 1.1 3.65 ± 0.41 
Ba  14.9 ± 1.1 16.1 ± 1.7 12.08 ± 0.75 4.18 ± 0.43 5.13 ± 0.49 1.18 ± 0.26 
La  4.46 ± 0.25 6.64 ± 0.19 5.72 ± 0.23 3.61 ± 0.18 2.93 ± 0.16 0.63 ± 0.08 
Ce  7.78 ± 0.41 11.37 ± 0.32 9.61 ± 0.35 6.0 ± 0.3 5.22 ± 0.29 1.2 ± 0.1 
Pr  0.91 ± 0.06 1.29 ± 0.06 1.19 ± 0.07 0.73 ± 0.05 0.57 ± 0.05 0.16 ± 0.03 
Nd  3.4 ± 0.3 5.57 ± 0.32 4.73 ± 0.28 3.02 ± 0.22 2.6 ± 0.21 0.99 ± 0.16 
Sm  0.97 ± 0.07 1.4 ± 0.1 1.32 ± 0.11 0.90 ± 0.10 0.69 ± 0.07 0.40 ± 0.06 
Eu  0.57 ± 0.05 0.89 ± 0.06 0.71 ± 0.05 0.52 ± 0.06 0.37 ± 0.05 0.14 ± 0.03 
Gd  1.26 ± 0.18 2.01 ± 0.19 1.73 ± 0.17 1.22 ± 0.16 1.05 ± 0.14 0.53 ± 0.11 
Tb 0.23 ± 0.02 0.36 ± 0.04 0.35 ± 0.03 0.24 ± 0.02 0.19 ± 0.02 0.08 ± 0.01 
Dy 2.08 ± 0.17 3.25 ± 0.24 2.85 ± 0.2 1.77 ± 0.19 1.65 ± 0.15 0.8 ± 0.01 
Ho  0.47 ± 0.04 0.96 ± 0.07 0.83 ± 0.06 0.48 ± 0.04 0.38 ± 0.03 0.16 ± 0.02 
Er  1.63 ± 0.15 3.54 ± 0.3 3.2 ± 0.2 1.85 ± 0.16 1.38 ± 0.12 0.50 ± 0.05 
Tm  0.28 ± 0.02 0.60 ± 0.02 0.61 ± 0.04 0.28 ± 0.03 0.22 ± 0.02 0.09 ± 0.01 
Yb  1.97 ± 0.14 4.59 ± 0.27 4.36 ± 0.27 2.15 ± 0.24 1.93 ± 0.18 0.56 ± 0.09 
Lu  0.29 ± 0.02 0.73 ± 0.04 0.59 ± 0.04 0.38 ± 0.03 0.31 ± 0.03 0.09 ± 0.02 
Hf  1.31 ± 0.05 1.1 ± 0.06 0.89 ± 0.05 0.69 ± 0.05 0.57 ± 0.05 0.15 ± 0.02 
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Table 10-Thin section 107-52 (Continued) 
  OV2-2 OV2-2 OV2-2 OV2-4 OV2-4 OV2-4 
Na  1330 ± 120 578 ± 19 655 ± 13 534 ± 13 517 ± 9 450 ± 8 
Ti 3440 ± 540 904 ± 19 728 ± 20 642 ± 20 704 ± 19 856 ± 17 
V  256 ± 5 155 ± 5 151 ± 3 114 ± 3 111 ± 3 133 ± 4 
Sr  12.37 ± 0.37 6.79 ± 0.24 7.6 ± 0.35 6.74 ± 0.26 6.2 ± 0.28 5.71 ± 0.22 
Y  11.51 ± 0.39 6.29 ± 0.24 7.27 ± 0.26 6.02 ± 0.22 4.52 ± 0.24 4.71 ± 0.22 
Zr  35.7 ± 0.8 22.6 ± 1.7 19.43 ± 0.89 4.84 ± 0.29 8.46 ± 0.38 3.42 ± 0.22 
Ba  112.2 ± 8.9 6.29 ± 0.73 17.2 ± 1.1 6.65 ± 0.63 10.36 ± 0.92 0.29 ± 0.12 
La  2.73 ± 0.14 1.06 ± 0.09 2.03 ± 0.12 1.72 ± 0.11 0.76 ±0.06 0.22 ± 0.03 
Ce  5.1 ± 0.2 2.03 ± 0.13 3.9 ± 0.2 3.25 ± 0.14 1.51 ± 0.11 0.81 ± 0.05 
Pr  0.62 ± 0.05 0.26 ± 0.03 0.44 ± 0.04 0.37 ± 0.04 0.15 ± 0.03 0.13 ± 0.02 
Nd  3 ± 0.25 1.36 ± 0.19 2.0 ± 0.2 1.85 ± 0.18 0.89 ± 0.14 0.87 ± 0.14 
Sm  0.89 ± 0.11 0.55 ± 0.07 0.57 ± 0.07 0.52 ± 0.08 0.43 ± 0.06 0.42 ± 0.06 
Eu  0.54 ± 0.07 0.23 ± 0.04 0.28 ± 0.05 0.25 ± 0.04 0.13 ± 0.03 0.17 ± 0.03 
Gd  1.32 ± 0.18 0.70 ± 0.02 0.74 ± 0.11 0.69 ± 0.12 0.47 ± 0.10 0.73 ± 0.12 
Tb 0.25 ± 0.03 0.15 ± 0.02 0.15 ± 0.02 0.14 ± 0.02 0.12 ± 0.01 0.12 ± 0.02 
Dy 1.81 ± 0.14 1.05 ± 0.13 1.12 ± 0.13 1.01 ± 0.12 0.77 ± 0.11 0.8 ± 0.1 
Ho  0.41 ± 0.03 0.24 ± 0.03 0.3 ± 0.02 0.27 ± 0.03 0.15 ± 0.01 0.18 ± 0.02 
Er  1.45 ± 0.12 0.75 ± 0.08 0.90 ± 0.08 0.68 ± 0.08 0.50 ± 0.09 0.50 ± 0.05 
Tm  0.24 ± 0.03 0.11 ± 0.01 0.20 ± 0.02 0.12 ± 0.02 0.08 ± 0.01  0.08 ± 0.02 
Yb  1.54 ± 0.18 0.85 ± 0.11 0.89 ± 0.09 0.72 ± 0.09 0.58 ± 0.08 0.48 ± 0.07 
Lu  0.26 ± 0.03 0.14 ± 0.02 0.13 ± 0.02 0.11 ± 0.01 0.08 ± 0.01 0.07 ± 0.01 
Hf  1.29 ± 0.08 0.64 ± 0.06 0.55 ± 0.04 0.18 ± 0.02 0.22 ± 0.01 0.14 ± 0.01 
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Table 10-Thin section 107-52 (Continued) 
  OV2-4 OV2-4 OV3-1 OV3-1 OV3-1 OV3-1 
Na  576 ± 12 1990 ± 200 1950 ± 99 857 ± 24 1872 ± 68 2086 ± 80 
Ti 771 ± 21 406 ± 14 1780 ± 320 476 ± 12 567 ± 15 518 ± 15 
V  138 ± 4 233 ± 4 164 ± 3 161 ± 6 278 ± 6 340 ± 11 
Sr  7.29 ± 0.27 12.12 ± 0.34 9.55 ± 0.32 9.02 ± 0.28 10.4 ± 0.39 12.79 ± 0.38 
Y  6.99 ± 0.27 19.12 ± 0.63 8.38 ± 0.52 8.45 ± 0.45 14.79 ± 0.49 19.75 ± 0.51 
Zr  7.74 ± 0.4 142 ± 5 39 ± 2 21.78 ± 0.79 30.9 ± 1.6 14.82 ± 0.54 
Ba  2.75 ± 0.34 62.4 ± 8.9 19.7 ± 1.3 23.8 ± 2.2 9.92 ± 0.76 12.3 ± 0.77 
La  1.74 ± 0.11 5.54 ± 0.26 2.15 ± 0.16 2.83 ± 0.17 3.9 ± 0.21 6.24 ±0.22 
Ce  3.15 ± 0.14 9.41 ± 0.42 4.24 ± 0.31 5.17 ± 0.27 6.77 ± 0.26 11.19 ± 0.37 
Pr  0.36 ± 0.04 0.10 ± 0.07 0.51 ± 0.05 0.57 ± 0.05 0.76 ± 0.05 1.18 ± 0.07 
Nd  1.98 ± 0.2 4.26 ± 0.38 2.5 ± 0.3 2.34 ± 0.25 3.2 ± 0.3 4.81 ± 0.29 
Sm  0.55 ± 0.06 1.12 ± 0.10 0.77 ± 0.09 0.72 ± 0.08 0.97 ± 0.09 1.27 ± 0.07 
Eu  0.28 ± 0.04 0.47 ± 0.05 0.46 ± 0.08 0.39 ±  0.05 0.49 ± 0.06 0.80 ± 0.06 
Gd  0.91 ± 0.14 1.55 ± 0.18 1.03 ± 0.14 0.79 ± 0.14 1.19 ± 0.16 1.67 ± 0.17 
Tb 0.14 ± 0.02 0.29 ± 0.03 0.19 ± 0.03 0.17 ± 0.02 0.22 ± 0.03 0.32 ± 0.03 
Dy 1.16 ± 0.11 2.32 ± 0.2 1.6 ± 0.18 1.36 ± 0.15 1.99 ± 0.16 2.85 ± 0.18 
Ho  0.27 ± 0.03 0.71 ± 0.04 0.32 ± 0.03 0.33 ± 0.04 0.48 ± 0.04 0.70 ± 0.05 
Er  0.83 ± 0.1 2.46 ± 0.18 0.94 ± 0.1 1.04 ± 0.11 1.9 ± 0.16 2.73 ± 0.13 
Tm  0.14 ± 0.02 0.43 ± 0.03 0.15 ± 0.02 0.20 ± 0.02 0.38 ± 0.03 0.49 ± 0.04 
Yb  1.04 ± 0.12 3.14 ± 0.2 0.99 ± 0.01 1.21 ± 0.13 2.76 ± 0.2 3.53 ± 0.23 
Lu  0.14 ± 0.02 0.42 ± 0.03 0.16 ± 0.02 0.16 ± 0.02 0.43 ± 0.03 0.51 ± 0.03 
Hf  0.26 ± 0.02 3.48 ± 0.11 0.98 ± 0.07 0.60 ± 0.01 0.86 ± 0.05 0.56 ± 0.04 
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Table 10-Thin section 107-52 (Continued) 
  OV3-1 OV3-2 OV3-2 OV3-2 OV3-2 OV3-2 
Na  1670 ± 140 556 ± 16 643 ± 25 546 ± 8 1393 ± 35 1755 ± 35 
Ti 1181 ± 98 497 ± 12 496 ± 12 482 ± 10 483 ± 10 515 ± 16 
V  215 ± 9 102 ± 2 110 ± 3 100 ± 2 200 ± 5 252 ± 4 
Sr  8.9 ± 0.4 5.06 ± 0.19 5.33 ± 0.23 5.1 ± 0.19 10.78 ± 0.41 10.98 ± 0.27 
Y  10.34 ± 0.37 3.76 ± 0.16 4.08 ± 0.23 3.32 ± 0.13 13.35 ± 0.47 13.93 ± 0.36 
Zr  23.33 ± 0.93 3.34 ± 0.23 10 ± 1 4.67 ± 0.22 15.02 ± 0.54 33.7 ± 1.5 
Ba  6.55 ± 0.62 10.2 ± 1.9 23.1 ± 2.5 12.7 ± 2.2 6.19 ± 0.39 21 ± 3 
La  2.61 ± 0.15 0.13 ± 0.03 0.35 ± 0.06 0.22 ± 0.03 4.24 ± 0.19 3.6 ± 0.2 
Ce  4.98 ± 0.28 0.54 ± 0.05 0.87 ± 0.09 0.63 ± 0.05 7.32 ± 0.25 6.38 ± 0.21 
Pr  0.63 ± 0.06 0.10 ± 0.02 0.16 ± 0.02 0.12 ± 0.02 0.77 ± 0.05 0.69 ± 0.04 
Nd  2.67 ± 0.26 0.76 ± 0.12 0.85 ± 0.13 0.78 ± 0.12 3.43 ± 0.26 3.2 ± 0.18 
Sm  0.88 ± 0.11 0.4 ± 0.05 0.36 ± 0.05  0.36 ± 0.05 0.98 ± 0.08 0.91 ± 0.07 
Eu  0.40 ± 0.05 0.12 ± 0.03 0.14 ± 0.03 0.12 ± 0.02 0.65 ± 0.06 0.52 ± 0.05 
Gd  1.23 ± 0.19 0.47 ± 0.09 0.49 ± 0.1 0.49 ± 0.1 1.28 ± 0.15 1.07 ± 0.14 
Tb 0.23 ± 0.03 0.10 ± 0.01 0.10 ± 0.01 0.08 ± 0.01 0.24 ± 0.03 0.24 ± 0.02 
Dy 1.62 ± 0.14 0.78 ± 0.09 0.69 ± 0.1 0.60 ± 0.07 2.03 ± 0.16 1.91 ± 0.15 
Ho  0.39 ± 0.04 0.17 ± 0.01 0.16 ± 0.02 0.14 ± 0.02 0.51 ± 0.03 0.52 ± 0.03 
Er  1.13 ± 0.13 0.45 ± 0.07 0.45 ± 0.06 0.41 ± 0.05 1.76 ± 0.11 1.84 ± 0.13 
Tm  0.24 ± 0.02 0.06 ± 0.01 0.06 ± 0.01 0.05 ± 0.01 0.29 ± 0.02 0.32 ± 0.02 
Yb  1.64 ± 0.16 0.4 ± 0.08 0.49 ± 0.08 0.35 ± 0.06 2.12 ± 0.17 2.57 ± 0.19 
Lu  0.26 ± 0.03 0.05 ± 0.01 0.07 ± 0.01 0.06 ± 0.01 0.32 ± 0.03 0.40 ± 0.02 
Hf  0.66 ± 0.04 0.11 ± 0.01 0.27 ± 0.03 0.15 ± 0.01 0.52 ± 0.03 1.07 ± 0.05 
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Table 11-Thin section 107-3 
  OV1-1 OV1-1 OV1-1 OV1-1 OV1-2 OV1-2 
Na  1551 ± 91 758 ± 16 852 ± 21 4640 ± 190 2850 ± 180 7600 ± 1100 
Ti 2330 ± 130 1035 ± 37 717 ± 27 6870 ± 480 4060 ± 360 2370 ± 390 
V  927 ± 81 149 ± 3 165 ± 5 215 ± 5 218 ± 4 194 ± 5 
Sr  8.32 ± 0.76 5.54 ± 0.23 5.89 ± 0.28 48.1 ± 1.5 12.94 ± 0.56 17.4 ± 2 
Y  7.49 ± 0.5 4.64 ± 0.2 3 ± 0.17 20 ± 0.88 10.3 ± 0.75 7.24 ± 0.9 
Zr  15.5 ± 1.9 3.5 ± 0.2 3.3 ± 0.3 64.1 ± 2.4 36.3 ± 1.1 15.1 ± 0.9 
Ba  169 ± 14 3.5 ± 0.5 12.3 ± 2.1 15 ± 1.4 9.4 ± 1.0 20 ± 2.2 
La  1.4 ± 0.2 0.2 ± 0.03 0.21 ± 0.03 1.62 ± 0.12 0.67 ± 0.11 0.57 ± 0.1 
Ce  2.76 ± 0.31 0.77 ± 0.06 0.63 ± 0.06 6.4 ± 0.03 2.42 ± 0.27 1.9 ± 0.28 
Pr  0.32 ± 0.08 0.16 ± 0.02 0.09 ± 0.02 1.22 ± 0.13 0.47 ± 0.07 0.41 ± 0.07 
Nd  2.27 ± 0.55 1.03 ± 0.17 0.74 ± 0.17 7.99 ± 0.64 3.06 ± 0.34 2.24 ± 0.38 
Sm  0.58 ± 0.16 0.46 ± 0.06 0.40 ± 0.07 3.2 ± 0.2 1.33 ± 0.16 0.9 ± 0.1 
Eu  0.21 ± 0.09 0.19 ± 0.03 0.13 ± 0.03 0.97 ± 0.1 0.46 ± 0.07 0.36 ± 0.07 
Gd  1.03 ± 0.36 0.61 ± 0.13 0.38 ± 0.13 3.34 ± 0.42 1.73 ± 0.28 1.28 ± 0.31 
Tb 0.16 ± 0.04 0.12 ± 0.02 0.10 ± 0.02 0.65 ± 0.06 0.38 ± 0.04 0.21 ± 0.04 
Dy 1.13 ± 0.31 0.92 ± 0.12 0.58 ± 0.1 4.17 ± 0.3 2.28 ± 0.32 1.44 ± 0.25 
Ho  0.31 ± 0.08 0.17 ± 0.02 0.11 ± 0.02 0.91 ± 0.09 0.41 ± 0.05 0.25 ± 0.04 
Er  0.88 ± 0.2 0.56 ± 0.08 0.31 ± 0.07 2.27 ± 0.18 1.09 ± 0.14 0.73 ± 0.1 
Tm  0.12 ± 0.04 0.06 ± 0.01 0.04 ± 0.01 0.32 ± 0.04 0.19 ± 0.03 0.11 ± 0.02 
Yb  1.53 ± 0.3 0.39 ± 0.09 0.34 ± 0.08 2.0 ± 0.21 1.09 ± 0.14 0.74 ± 0.11 
Lu  0.29 ± 0.08 0.07 ± 0.01 0.04 ± 0.01 0.26 ± 0.03 0.16 ± 0.02 0.14 ± 0.02 
Hf  0.52 ± 0.08 0.17 ± 0.02 0.15 ± 0.03 1.81 ± 0.13 1.13 ± 0.08 0.52 ± 0.05 
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Table 11-Thin section 107-3 (Continued) 
  OV1-2 OV1-2 OV1-3 OV1-3 OV1-3 OV1-3 
Na  2038 ± 44 1321 ± 27 3060 ± 110 1810 ± 140 784 ± 23 958 ± 29 
Ti 2140 ± 380 3450 ± 180 3060 ± 440 860 ± 160 792 ± 18 1570 ± 230 
V  272 ± 5 225 ± 7 173 ± 3 203 ± 6 121 ± 3 163 ± 3 
Sr  15.8 ± 0.59 9.3 ± 0.4 24.9 ± 0.74 13.1 ± 0.75 6.75 ± 0.3 8.33 ± 0.42 
Y  12.9 ± 1.2 13.2 ± 0.64 17.5 ± 1.7 7.03 ± 0.75 4.41 ± 0.2 6.77 ± 0.6 
Zr  38.3 ± 2.8 24.3 ± 0.9 53.6 ± 2.1 29.9 ± 1.3 2.19 ± 0.17 12 ± 1.1 
Ba  23 ± 1.8 35 ± 2.5 7.02 ± 0.66 9.4 ± 0.9 2.6 ± 0.5 2.9 ± 0.4 
La  1.83 ± 0.15 1.23 ± 0.1 1.22 ± 0.1 0.9 ± 0.1 0.17 ± 0.03 0.38 ± 0.05 
Ce  4.14 ± 0.25 3.05 ± 0.19 4.38 ± 0.26 3.84 ± 0.25 0.75 ± 0.07 1.35 ± .16 
Pr  0.71 ± 0.06 0.66 ± 0.07 0.91 ± 0.08 0.5 ± 0.06 0.14 ± 0.02 0.25 ± 0.04 
Nd  4 ± 0.4 3.16 ± 0.43 5.76 ± 0.54 3 ± 0.43 1.03 ± 0.15 2.07 ± 0.34 
Sm  1.32 ± 0.17 1.35 ± 0.18 2.24 ± 0.21 0.92 ± 0.11 0.48 ± 0.06 0.86 ± 0.11 
Eu  0.49 ± 0.08 0.48 ± 0.08 0.75 ± 0.12 0.34 ± 0.06 0.19 ± 0.03 0.25 ± 0.05 
Gd  1.9 ± 0.3 2.03 ± 0.31 2.9 ± 0.48 1.02 ± 0.22 0.78 ± 0.11 1.16 ± 0.2 
Tb 0.31 ± 0.05 0.32 ± 0.05 0.52 ± 0.06 0.19 ± 0.04 0.12 ± .02 0.17 ± 0.03 
Dy 2.07 ± 0.3 2.34 ± 0.34 3.47 ± 0.48 1.36 ± 0.22 0.95 ± 0.15 1.35 ± 0.19 
Ho  0.45 ± 0.07 0.55 ± 0.08 0.73 ± 0.09 0.29 ± 0.04 0.19 ± 0.02 0.30 ± 0.04 
Er  1.44 ± 0.2 1.52 ± 0.2 1.94 ± 0.23 0.91 ± 0.14 0.45 ± 0.07 0.75 ± 0.12 
Tm  0.24 ± 0.04 0.23 ± 0.04 0.26 ± 0.03 0.14 ± 0.02 0.07 ± 0.01 0.12 ± 0.02 
Yb  1.80 ± 0.2 1.77 ± 0.29 2.08 ± 0.23 1.03 ± 0.15 0.36 ± 0.06 0.9 ± 0.1 
Lu  0.29 ± 0.03 0.27 ± 0.04 0.25 ± 0.03 0.17 ± 0.03 0.06 ± 0.01 0.13 ± 0.02 
Hf  1.04 ± 0.11 0.88 ± 0.08 1.72 ± 0.11 0.91 ± 0.07 0.11 ± 0.02 0.43 ± 0.05 
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Table 11-Thin section 107-3 (Continued) 
  OV2-1 OV2-1 OV2-1 OV2-1 OV2-2 OV2-2 
Na  1140 ± 58 856 ± 16 2132 ± 48 6500 ± 1100 670 ± 11 790 ± 16 
Ti 745 ± 17 761 ± 19 1089 ± 40 1610 ± 140 681 ± 13 715 ± 24 
V  118 ± 2 110 ± 3 332 ± 7 131 ± 4 95 ± 2 131 ± 3 
Sr  6.01 ± 0.25 5.55 ± 0.24 12.31 ± 0.35 9.6 ± 0.8 5.5 ± 0.23 4.73 ± 0.27 
Y  4.9 ± 0.22 4.54 ± 0.2 17.2 ± 0.5 6.25 ± 0.49 3.28 ± 0.13 3.9 ± 0.2 
Zr  6.6 ± 0.4 7.1 ± 0.8 51.6 ± 2.3 5.7 ± 0.5 1.5 ± 0.15 2.1 ± 0.2 
Ba  2 ± 0.3 1.92 ± 0.37 6.84 ± 0.77 3.3 ± 0.5 0.32 ± 0.14 1.42 ± 0.32 
La  0.79 ± 0.05 0.27 ± 0.04 6.87 ± 0.34 2.8 ± 1 0.14 ± 0.02 0.25 ± 0.04 
Ce  1.37 ± 0.13 0.72 ± 0.06 9.75 ± 0.42 6.1 ± 2.0 0.46 ± 0.04 0.60 ± 0.01 
Pr  0.17 ± 0.03 0.14 ± 0.02 1.1 ± 0.07 0.77 ± 0.22  0.07 ± 0.01 0.13 ± 0.02 
Nd  1.01 ± 0.19 0.99 ± 0.16 5.08 ± 0.46 3.64 ± 0.81 0.66 ± 0.1 0.96 ± 0.21 
Sm  0.34 ± 0.06 0.37 ± 0.06 1.13 ± 0.11 1.03 ± 0.17 0.32 ± 0.06 0.37 ± 0.07 
Eu  0.14 ± 0.02 0.15 ± 0.03 0.62 ± 0.05 0.32 ± 0.05 0.11 ± 0.02 0.14 ± 0.03 
Gd  0.67 ± 0.12 0.53 ± 0.14 1.67 ± 0.2 1.13 ± 0.21 0.41 ± 0.08 0.5 ± 0.1 
Tb 0.11 ± 0.02 0.10 ± 0.01 0.29 ± 0.03 0.17 ± 0.03 0.08 ± 0.01 0.09 ± 0.02 
Dy 0.72 ± 0.1 0.93 ± 0.14 2.37 ± 0.2 1.28 ± 0.2 0.53 ± 0.08 0.64 ± 0.12 
Ho  0.18 ± 0.03 0.18 ± .02 0.59 ± 0.04 0.25 ± 0.04 0.12 ± 0.02 0.15 ± 0.03 
Er  0.48 ± 0.08 0.47 ± 0.08 2.42 ± 0.19 0.81 ± 0.14 0.33 ± 0.05 0.45 ± 0.09 
Tm  0.07 ± 0.01 0.05 ± 0.01 0.46 ± 0.04 0.09 ± 0.02 0.05 ± 0.01 0.05 ± 0.01 
Yb  0.56 ± 0.09 0.43 ± 0.08 4.00 ± 0.31 0.57 ± 0.09 0.31 ± 0.06 0.33 ± 0.09 
Lu  0.06 ± 0.01 0.08 ± 0.01 0.72 ± 0.05 0.09 ± 0.01 0.049 ± 0.009 0.08 ± 0.02 
Hf  0.24 ± 0.03 0.29 ± 0.04 1.83 ± 0.11 0.23 ± 0.02 0.069 ± 0.013 0.09 ± 0.02 
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Table 11-Thin section 107-3 (Continued) 
  OV2-2 OV2-2 OV2-3 OV2-3 OV2-3 OV2-3 
Na  3620 ± 200 12600 ± 750 1139 ± 18 827 ± 11 1033 ± 18 1375 ± 21 
Ti 1150 ± 69 1310 ± 140 842 ± 75 89 ± 17 930 ± 110 375 ± 44 
V  583 ± 15 135 ± 3 166 ± 4 156 ± 3 184 ± 4 160 ± 4 
Sr  15.16 ± 0.72 19 ± 0.8 6.62 ± 0.27 4.11 ± 0.19 5.86 ± 0.2 6.03 ± 0.25 
Y  25.1 ± 1.7 6.1 ± 0.3 7.9 ± 0.42 1.0 ± 0.08 8.0 ± 0.4 6.35 ± 0.3 
Zr  16.0 ± 1.2 11.8 ± 0.8 26 ± 1.8 2.9 ± 0.1 14.8 ± 0.6 15.5 ± 0.7 
Ba  12.8 ± 1.2 10.7 ± 0.9 14.9 ± 0.83 2.41 ± 0.3 17.4 ± 0.8 14 ± 0.8 
La  10.3 ± 0.9 3.0 ± 0.4 0.81 ± 0.05 0.03 ± 0.01 0.70 ± 0.05 1.03 ± 0.06 
Ce  15.5 ± 1.4 6.7 ± 0.95 1.24 ± 0.09 0.09 ± 0.01 1.27 ± 0.08 1.75 ± 0.09 
Pr  1.78 ± 0.17 0.77 ± 0.1 0.24 ± 0.02 0.02 ± 0.002 0.22 ± 0.02 0.27 ± 0.03 
Nd  7.21 ± 0.68 3.21 ± 0.48 1.11 ± 0.16 0.15 ± 0.04 1.50 ± 0.21 1.4 ± 0.16 
Sm  1.56 ± 0.21 0.75 ± 0.1 0.51 ± 0.07 0.06 ± 0.01 0.61 ± 0.08 0.50 ± 0.04 
Eu  0.72 ± 0.11 0.28 ± 0.05 0.19 ± 0.03 0.018 ± 0.008 0.24 ± 0.03 0.12 ± 0.02 
Gd  1.8 ± 0.2 0.84 ± 0.18 0.81 ± 0.13 0.12 ± 0.04 0.78 ± 0.12 0.59 ± 0.12 
Tb 0.32 ± 0.05 0.15 ± 0.02 0.12 ± .02 0.014 ± 0.002 0.14 ± 0.02 0.09 ± 0.01 
Dy 3.33 ± 0.31 1.16 ± 0.17 0.91 ± 0.12 0.14 ± 0.04 1.1 ± 0.12 0.79 ± 0.09 
Ho  1.0 ± 0.09 0.25 ± 0.03 0.26 ± 0.02 0.032 ± 0.008 0.26 ± 0.02 0.22 ± 0.02 
Er  3.69 ± 0.37 0.66 ± 0.11 0.92 ± 0.09 0.11 ± 0.02 0.98 ± 0.1 0.82 ± 0.07 
Tm  0.80 ± 0.07 0.09 ± 0.02 0.15 ± 0.02 0.015 ± 0.006 0.15 ± 0.02 0.15 ± 0.02 
Yb  7.39 ± 0.69 0.69 ± 0.13 1.42 ± 0.13 0.17 ± 0.04 1.23 ± 0.12 1.22 ± 0.11 
Lu  1.04 ± 0.09 0.12 ± 0.02 0.22 ± 0.02 0.031 ± 0.008 0.19 ± 0.02 0.21 ± 0.02 
Hf  0.58 ± 0.06 0.44 ± 0.06 0.89 ± 0.08 0.12 ± 0.01 0.62 ± .04 0.63 ± 0.04 
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